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RESUMEN

La polaridad apicobasal es un rasgo fundamental de los hepatocitos y resulta esencial para su correcta función. Los hepatocitos son células epiteliales especializadas que ge-neran lúmenes apicales entre células adyacentes para formar canales encargados de la 
secreción biliar denominados canalículos biliares. El resto de la membrana plasmática hepa-
tocitaria constituye el dominio basolateral, que se encuentra expuesto al espacio de Disse y es 
capaz de interaccionar con los leucocitos extravasados y otras células parenquimales. La pér-
dida de polaridad hepatocelular es distintivo de diferentes patologías hepáticas, incluyendo 
cáncer, hepatitis viral, trauma hepático o intoxicación crónica.
Nuestro trabajo demuestra que la pérdida de polaridad aumenta la adhesión de linfocitos a 
células hepáticas mediante un mecanismo dependiente de la expresión de ICAM-1. Los hepa-
tocitos polarizados localizan ICAM-1 en su dominio apical, el cual no es accesible a los linfoci-
tos T. En respuesta a la pérdida de polaridad, ICAM-1 y las proteínas ERM activas se exponen 
al espacio extracelular en proyecciones de membrana tipo microvilli capaces de contactar con 
los linfocitos. ICAM-1 se asocia con las proteínas ERM en la membrana plasmática hepato-
celular a través de su segmento citoplásmico, el cual se requiere también para la localización 
apical del receptor. La citoquina TNFa regula la expression de ICAM-1 y juega un papel funda-
mental en la respuesta inflamatoria del hígado. Hemos comprobado que la estimulación a lar-
go plazo con TNF-a aumenta la exposición de ICAM-1 basolateral a través de la activación en 
estos dominios de membrana de las proteínas ERM, la cual se encuentra regulada por ROCK y 
las isoformas clásicas de PKC. De acuerdo con estos resultados, hemos detectado que ICAM-1 
se localiza apicalmente en parénquimas sometidos a una inflamación rápida pero que pre-
servan su arquitectura hepatocelular, como en rechazos de hígados trasplantados, mientras 
que observamos una distribución mucho menos polarizada en muestras de tejido proceden-
tes de modelos murinos de fallo hepático fulminante y en pacientes con patologías crónicas 
que causan inflamación hepática persistente y pérdida de polaridad hepatocelular, como por 
ejemplo las hepatitis virales. 
En conclusión, nuestros resultados indican que la pérdida de polaridad hepatocelular y la in-
flamación a largo plazo aumentan la exposición de ICAM-1 y las proteínas ERM favoreciendo 
la interacción leucocito-hepatocito, mientras que los hepatocitos polarizados escapan del re-
conocimiento por el sistema inmune a través del secuestro y acumulación en su dominio api-
cal de maquinaria proteica encargada de interaccionar con los leucocitos. Nuestra propuesta 
es que este mecanismo representa un paso de control inmune en el parénquima hepático 
que puede permitir a los leucocitos infiltrados discriminar entre hepatocitos disfuncionales 
y aquellos que son todavía operativos y conservan, por lo tanto, una polaridad apicobasal 
intacta.
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Apicobasal polarity is a major feature of hepatocyte arquitecture essential for hepa-tocellular correct function. Hepatocytes are specialized epithelial cells that delimit lateral lumens which form channels for draining bile (the bile canaliculi) and a basola-
teral domain that is exposed to the space of Disse and interacts with extravasated leukocytes 
and other parenchymal cells. Loss of hepatocellular polarity is a hallmark of liver pathologies, 
including cancer and cell damage caused by virus infection, trauma or chronic intoxication.
Here we report that loss of polarity increases lymphocyte adhesion to hepatic cells in an 
ICAM-1-dependent manner. Polarized hepatocytes segregate ICAM-1 receptor into their api-
cal domains. Upon depolarization, canalicular ICAM-1 and activated ERM proteins are expo-
sed in microvilli-like membrane projections to the extracellular milieu, where they are able 
to contact lymphocytes. In polarized cells, ICAM-1 can reach the basolateral membrane but 
is rapidly redirected to apical surfaces where it remains tightly confined. ICAM-1 associates 
with ERM proteins at the plasma membrane through its cytoplasmic tail, which is in turn 
required for the receptor apical localization. Accordingly, we found ICAM-1 significantly pola-
rized in hepatocytes from parenchymas that undergo rapid inflammatory responses but pre-
serve their cellular architecture, as in allograft rejections, but much less polarized in samples 
from acute liver failure mice models and from patients suffering chronic diseases that induce 
persistent liver inflammation and loss of hepatocyte polarity, as in hepatitis virus infections. 
In addition, long-term inflammatory stimulation with TNF-a increases ICAM-1 localization 
at basolateral domains through ROCK and PKC classical isoforms mediated activation of 
ERM proteins.
In conclusion, our results indicate that loss of hepatocellular polarity and long-term inflam-
matory stimuli induce ICAM-1 and ERM proteins exposure and favour leukocyte-hepatocyte 
interactions, while polarized hepatocytes escape immune recognition by hijacking protein 
machinery that interacts with leukocytes through its apical confinement. We propose that 
this mechanism is an immune checkpoint in liver parenchymas which may help infiltrated 
immune cells discriminate between dysfunctional hepatocytes and those that are still opera-
tive and therefore preserve an intact apicobasal polarity.
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L	Los primeros estudios de cultivos celulares, iniciados por Harrison en 1907, pusieron de manifiesto que los tejidos están compuestos por células individuales adheridas unas a otras (Harrison et al, 1907). A partir de ese momento la investigación sobre la adhe-
sión celular cobra especial relevancia en biología y biomedicina, aunque no es hasta el último 
tercio del siglo XX  cuándo se avanza en las bases moleculares de la adhesión célula-célula y 
célula-sustrato gracias al descubrimiento de proteínas de adhesión como las integrinas (Hy-
nes, 1987) y las cadherinas (Takeichi, 1990). Hoy en día empezamos a comprender cómo 
las adhesiones celulares regulan procesos fundamentales tan diversos como la migración, la 
morfogénesis y la proliferación celular. La alteración patológica de las propiedades adhesivas 
entre distintas células o entre células y componentes de la matriz extracelular promueve la 
formación de tumores, su invasión y metástasis (Horwitz, 2012), enfermedades inflamato-
rias y autoinmunes.
La inflamación es una respuesta inmune fundamental que permite la supervivencia durante 
la infección o daño tisular y mantiene la homeostasis ante una variedad de circunstancias 
perjudiciales. La inflamación depende de eventos adhesivos específicos que van a orquestar 
la respuesta de distintos tipos celulares. Por ejemplo,  el establecimiento de adhesiones con 
las células que forman los vasos sanguíneos y con la matriz extracelular permite que los leu-
cocitos migren al lugar adecuado en el momento apropiado (Butcher, 1991). La citotoxicidad 
leucocitaria en el foco de inflamación requiere la adhesión a células diana y a otras células 
inmunes (Jaeschke and Hasegawa, 2006). A los cuatro signos cardinales de inflamación des-
critos por Cornelius Celsus en el siglo I D.C. (rubor et dolor cum calore et dolore), Rudolph 
Virchow añadió en 1858 un quinto (functio laesa) (Majno, G. 1975), indicando que cualquier 
respuesta inflamatoria altera la función y homeostasis celular. De hecho, una inflamación 
masiva, fuera de control o dirigida de forma crónica frente a lo propio puede dar lugar a pa-
tologías de la importancia de la aterosclerosis, esclerosis múltiple o cirrosis. Por ello se está 
invirtiendo mucho esfuerzo en comprender las señales, las moléculas y los mecanismos que 
causan y amplifican la respuesta inflamatoria, con el anhelo de llegar a regularlos terapéuti-
camente.
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1. EL HÍGADO
1.1. Estructura y fisiología
El hígado es un órgano excepcional en términos metabólicos, inmunológicos y estructurales. 
Tiene el potencial único de regenerarse después de la lesión tisular, y cumple importantes 
funciones detoxificantes, sintéticas y de almacenaje. Su capacidad extraordinaria para adap-
tarse ante las necesidades del organismo hace del hígado un órgano imprescindible para el 
mantenimiento de la homeostasis corporal. El hígado participa en el metabolismo y la sínte-
sis de proteínas, hidratos de carbono y lípidos, constituye un reservorio importante de glu-
cógeno y vitaminas, produce y excreta la bilis hacia la vía biliar e interviene en el catabolismo 
de fármacos y tóxicos (Guyton y Hall 10ª ed.) (Arias I, et al. 2001) (Thomson y Knolle, 2010). 
La ubicación anatómica del hígado resulta también singular, provocando que su aporte san-
guíneo tenga dos orígenes distintos: desde el sistema arterial a través de las arterias hepáticas 
y desde el tracto gastrointestinal a través de la vena porta (Ilustración 1) (Lippert, ed. 2002). 
La circulación hepática y portal confluyen en una red de pequeños capilares denominados 
sinusoides, que atraviesan el parénquima hepático irrigando los hepatocitos circundantes y 
drenan finalmente a las venas hepáticas. Estas venas se denominan venas centrolobulillares 
por encontrarse en el centro de los lobulillos hepáticos, que son subunidades irregularmente 
Ilustración 1. Anatomía general del hígado.
Diagrama que muestra la estructura de un lóbulo hepático. El tejido se organiza alrededor de áreas vasculares denomi-
nadas espacios porta, que contienen una rama de la vena porta, una arteriola, un canal biliar y un capilar linfático. Desde 
los espacios porta la sangre circula a través de una red densa de sinusoides que existe entre las láminas de hepatocitos 
hasta las venas centrolobulillares, mientras que la bilis secretada por los hepatocitos a los canalículos biliares fluye en 
dirección contraria hacia los conductos biliares de los espacios porta.
Hepatic artery
Portal vein
Bile duct
Lymphatic vessel
Portal Tract:
Hepatocytes
Vein
Central
Sinusoids
Bile canaliculi
Portal Vein
Hepatic Artery
Vena Cava
Inferior
Hepatic Vein
Bile Duct
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hexagonales formadas por láminas de hepatocitos. En los ángulos de los lobulillos hepáticos 
se sitúan los espacios porta (Ilustración1), formados por la presencia de cuatro grandes con-
ductos: rama de la arteria hepática, rama de la vena porta, capilar linfático y canal biliar. La 
bilis secretada por los hepatocitos se vierte a una red de canalículos dentro de las láminas de 
hepatocitos y fluye, en forma centrípeta al lobulillo, hacia los conductos biliares de los espa-
cios porta (Guyton y Hall, 10ª ed.) (Arias I, et al. 2001).
Histológicamente el hígado está compuesto de células parenquimales clásicas, los hepatoci-
tos, y células no parenquimales o estructurales, entre las que se encuentran los colangiocitos 
que recubren el lumen de los canales biliares, las células endoteliales sinusoidales, células de 
Kupffer y células de Ito (Ilustración 2). 
Los hepatocitos constituyen alrededor del 80% de la población celular del tejido hepático y 
son responsables de la mayoría de las funciones que cumple el hígado, incluyendo la forma-
ción de bilis, el metabolismo y síntesis de proteínas, lípidos y carbohidratos y la inactivación 
de sustancias extrañas. Su estructura y función se revisará más adelante. Los hepatocitos se 
distribuyen en el hígado cerca de los sinusoides y se disponen formando placas o láminas de 
hepatocitos anastomosados, de no más de dos células de grosor, que irradian desde cada espa-
cio porta hacia las venas centrolobulillares (Ilustración 1) (Leslie P.Gartner y James L.Hiatt, 
3ª ed.).
Los sinusoides son estrechos capilares de 5 a 7 um de grosor muy distintos al resto de va-
sos sanguíneos, ya que carecen de membrana basal y sus células endoteliales se disponen de 
manera discontínua, no forman uniones estrechas y se encuentran además fenestradas por 
poros de 100-200 nm de diámetro. Todo ello hace que el intercambio de solutos así como 
Ilustración 2. Organización de los sinusoides hepáticos. 
Los sinusoides se encuentran rodeados por células endoteliales fenestradas y carecen de membrana basal. El micro-
ambiente hepático se encuentra enriquecido en células del sistema inmune innato (células de Kupffer, Natural killer cells 
) y en células dendríticas y linfocitos T, que participan en la respuesta inmune adaptativa. El espacio sub-endotelial que 
se encuentra entre los sinusiodes y las láminas de hepatocitos se conoce como espacio de Disse y es dónde residen las 
células de Ito o células estrelladas.
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BILE CANALICULI
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la interacción entre las células parenquimales y los componentes del torrente sanguíneo se 
encuentre mucho más favorecida que en el resto de los órganos (Crispe, 2003) (Adams et al., 
2010). El estrecho espacio perisinusoidal que se encuentra entre la pared de los sinusoides 
y las láminas de hepatocitos se denomina espacio de Disse (Ilustración 2), y está ocupado 
por una red de fibras reticulares y plasma sanguíneo que baña libremente la superficie de los 
hepatocitos. Por otro lado, el hígado cuenta también con la presencia de tipos celulares ex-
clusivos que se localizan mayoritariamente en el espacio de Disse. Las células de Kupffer son 
macrófagos que patrullan los sinusoides encargándose de eliminar endotoxinas sanguíneas, 
actúan como células presentadoras de antígenos y pueden derivar de precursores de médula 
ósea o ser hígado-residentes. Las células de Ito o células estrelladas hepáticas son fibroblastos 
que actúan como pericitos rodeando el endotelio sinusoidal. Esta células son también capaces 
de activar linfocitos T, aunque son más conocidas por su función  pro-fibrótica debido a su 
capacidad de sintetizar colágeno y proliferar en respuesta a la fagocitosis de cuerpos apoptó-
ticos o de desechos celulares (Friedman, 2000) (Friedman, 2008).
1.2. Función de defensa y tolerancia inmune.
El hígado se encuentra estratégicamente situado entre la circulación porta y sistémica, lo que 
confiere a este órgano una función inmunológica excepcional. Además de las células paren-
quimales y estructurales, el hígado cuenta con un número amplio de células inmunes que 
llegan al órgano a través del torrente circulatorio y resultan esenciales para que éste cumpla 
su función de defensa. Este ambiente inmunológico único dota al hígado del potencial para 
desarrollar una respuesta inmune frente a elementos perjudiciales, pero también de la capa-
cidad para ser “inmunológicamente tolerante” frente a la exposición diaria de antígenos y 
microorganismos no dañinos que provienen del tracto gastrointestinal (Thomson and Knolle, 
2010) (Crispe, 2003). 
El hígado se encuentra enriquecido en macrófagos, células NK (Natural Killer) y células NKT 
(Natural killer T cells). Los macrófagos están fundamentalmente representados por las célu-
las de Kupffer y presentan capacidad fagocítica (Adams et al., 2010), mientras que las células 
NK se caracterizan por su acción citolítica (Krueger et al., 2011). El hígado cuenta también 
con una amplia población de linfocitos T que llegan a través del torrente circulatorio, patru-
llan el tejido y o bien lo abandonan vía vasos linfáticos o bien quedan retenidos para desem-
peñar la vigilancia inmune en ausencia de inflamación o como células efectoras en el contexto 
de enfermedad inflamatoria y daño hepático (Shetty et al., 2008) (Hiraoka, 2010) (Crispe, 
2003). Las células presentadoras de antígeno (APC) profesionales en el hígado se encuentran 
representadas por células dendríticas inmaduras (Ilustración 2), que recorren los sinusoides 
y maduran en respuesta a la inflamación para migrar a los nódulos linfáticos (D’Amico et al., 
2000). Todas las células inmunes descritas son capaces de liberar un amplio panel de citoqui-
nas pro o anti-inflamatorias que van a determinar su actuación.
Para mantener su ambiente tolerogénico el hígado utiliza distintas estrategias. Las células de 
Kupffer retiran endotoxinas de la sangre y secretan citoquinas antiinflamatorias como inter-
leucina 10 (IL-10), mientras que las células NK hepáticas mantienen un estado de hiporeac-
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tividad y son capaces de disminuir la activación linfocitos T o incluso destruirlos (Krueger 
et al., 2011). Por otro lado, en ausencia de inflamación la activación de linfocitos T CD8 por 
hepatocitos y células endoteliales sinusoidales provoca su muerte prematura y una citotoxi-
cidad disminuida con respecto a la activación en los nódulos linfáticos, lo que resulta en una 
activación ineficaz comprometiendo la respuesta inmune subsecuente (Limmer et al., 2000) 
(Bertolino et al., 1998) (Holz et al., 2010). Asimismo en ausencia de daño hepático los lin-
focitos T CD4 activados por células endoteliales sinusoidales pueden diferenciarse a células 
reguladoras de fenotipo antiinflamatorio y secretar IL-10 (Knolle et al., 1999). Estos procesos 
sugieren que la presentación de antígenos mediada por células hepáticas puede favorecer la 
tolerancia inmune en condiciones fisiológicas. Se ha propuesto además que estos mecanismos 
de tolerancia pueden ser en parte responsables del éxito obtenido en los trasplantes hepáti-
cos sin necesidad de utilizar terapias inmunosupresoras (Qian et al., 1997), aunque también 
patógenos hepatotrópicos como los virus de la hepatitis C y B pueden aprovecharse de es-
tos mecanismos para establecer infecciones persistentes (Cooper et al., 1999) (Crispe, 2003) 
(Thomson and Knolle, 2010).
2. INFILTRACIÓN LEUCOCITARIA EN LA RESPUESTA 
INFLAMATORIA HEPÁTICA
2.1. Aspectos generales de la infiltración leucocitaria
El sistema inmune se ha desarrollado para responder a los antígenos extraños de una mane-
ra rápida y específica. Durante el proceso inflamatorio las células inmunes son reclutadas al 
tejido dañado como mecanismo de defensa, lo que implica su salida del torrente circulatorio 
y migración a través de los vasos sanguíneos. El reclutamiento de leucocitos conlleva una cas-
cada multietapa de eventos de adhesión entre el endotelio vascular y los leucocitos circulan-
tes (Butcher, 1991). Los estímulos proinflamatorios como el TNF-a, IFN-g o IL-1 inducen la 
expresión transitoria de un conjunto de receptores de superficie que median dicha adhesión 
y posterior transmigración de células inmunes a través de la barrera endotelial (Ilustración 3) 
(Osborn et al., 1989) (Pober et al., 1986) (Reglero-Real et al., 2012). Las diversas elecciones 
moleculares de cada etapa (receptores de adhesión, quimioquinas, etc) confieren al proceso 
amplias posibilidades de combinación, permitiendo que distintas clases de leucocitos con 
funciones diferentes puedan situarse en el lugar apropiado en el momento adecuado. El inicio 
de la interacción leucocito-endotelio se denomina “rolling”, y se produce principalmente por 
interacciones muy breves a través de la familia de las selectinas y sus ligandos carbohidratos. 
Estas uniones intermitentes permiten el reconocimiento por parte de receptores acoplados 
a proteínas G en el leucocito de quimioquinas expuestas en la membrana luminal endotelial. 
Las quimioquinas son potentes agentes quimiotácticos que pueden ser producidos por distin-
tas células en respuesta a citoquinas proinflamatorias (Rot and Von Andrian, 2004) y que son 
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Ilustración  3. Esquema de la extravasación leucocitaria durante la inflamación. 
En respuesta a estímulos proinflamatorios el endotelio expresa en su superficie una serie de receptores de adhesión que 
van a favorecer el “rolling”, la adhesión y posterior transmigración de leucocitos a través de la monocapa endotelial. El 
proceso de extravasación conlleva también atravesar la membrana basal en la mayoría de los vasos sanguíneos salvo 
en los sinusoides hepáticos, y finaliza con la migración intersticial de las células inmunes por el parénquima hacia el área 
dañada.
“Rolling” 
Firm adhesion 
Transmigration 
Parenchyma 
Interstitial 
migration 
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Basal membrane 
Pericytes 
Endothelium 
TNF-a, IL-1, 
IFN-g 
expuestas en la superficie luminal del endotelio (Alon and Ley, 2008) (Alon, Ley, 2008, Curr 
Op Cell Biol). Las quimoquinas a su vez activan integrinas de la familia β1 (VLA-4) y β2 (LFA-
1) que se unen a receptores de adhesión endoteliales de la familia inmunoglobulina, VCAM-1 
e ICAM-1 respectivamente (Alon and Ley, 2008) (Butcher, 1991). Estos receptores median 
el siguiente paso que es la adhesión firme del leucocito al endotelio. Durante la adhesión, el 
leucocito migra sobre la monocapa endotelial hasta que finalmente atraviesa el endotelio, un 
proceso que se denomina diapedesis o migración transendotelial, y que puede ocurrir entre 
las uniones celulares (migración paracelular) o a través de las células endoteliales (migración 
transcelular) (Carman and Springer, 2004) (Millan et al., 2006). En la mayoría de los vasos 
los leucocitos continúan atravesando la cubierta exterior formada por pericitos y redes de 
matriz extracelular (Nourshargh and Marelli-Berg, 2005) (Nourshargh et al., 2010), aunque 
en estos términos el hígado supone una excepción ya que los sinusoides carecen de membra-
na basal. Por último, durante la migración intersticial por el parénquima hacia el área dañada 
los leucocitos escanean la superficie de las células parenquimales buscando la presentación de 
antígenos, quimioquinas  o receptores de adhesión que utilizarán para desplazarse mediante 
un mecanismo conocido como haptoquinesis (Friedl and Weigelin, 2008). Mientras que el 
paso de leucocitos a través de la barrera endotelial ha sido ampliamente estudiado, los meca-
nismos que regulan la navegación de las células inmunes por los tejidos no han sido descritos 
en tanto detalle.
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2.2. Infiltración leucocitaria del parénquima hepático
La infiltración de leucocitos en el parénquima hepático es esencial para la vigilancia inmune, 
controla el desarrollo de infecciones y cáncer y facilita la regeneración tisular. Por otra parte, 
las interacciones aberrantes entre leucocitos y hepatocitos desencadenan el fallo hepático en 
enfermedades autoinmunes y rechazo hepático post-trasplante, además de exacerbar el daño 
hepático en respuesta a trauma severo (Adams et al., 2010) (Shetty et al., 2008).
 La realización de experimentos intravitales ha permitido describir que aunque los leucoci-
tos son capaces de adherirse y migrar a través de diferentes regiones de la microvasculatura 
hepática, la mayoría llegan al parénquima a través de los sinusoides (Adams et al., 2010). El 
estrecho diámetro de estos capilares ralentiza el flujo sanguíneo intrahepático disminuyendo 
el característico “rolling” de los leucocitos sobre el endotelio,  favoreciendo que directamente 
se adhieran y repten sobre las células endoteliales. Esta peculiaridad supone que las células 
endoteliales sinusoidales presenten diferencias en la expresión de moléculas de adhesión res-
pecto a otros endotelios, incluyendo una reducción en la expresión de selectinas (Adams et 
al., 1996) y la expresión amplia de receptores de adhesión como ICAM-1 y VCAM-1 o VAP-1 
y CD44 (Crispe, 2003). Estos últimos cumplen además funciones particulares en el endotelio 
sinusoidal para facilitar el reclutamiento hepático de leucocitos (Shetty et al., 2008).
El estudio del tráfico leucocitario hepático se ha centrado en la interacción con el endotelio, sin 
embargo estas células existen en un complejo microambiente multicelular en los sinusoides y 
se conoce que otros tipos celulares y señales pueden influenciar el reclutamiento de leucoci-
tos. De esta manera tanto las células de Kupffer, las células estrelladas, los colangiocitos o los 
hepatocitos son capaces de liberar citoquinas proinflamatorias o expresar ligandos adhesivos 
en su superficie para favorecer la adhesión o migración leucocitaria. Una vez dentro del tejido 
inflamado, los leucocitos tienen que migrar hasta el foco de daño hepático. En el carcinoma 
hepatocelular por ejemplo, los linfocitos llegan al tejido tumoral por migración intersticial 
en vez de utilizar la vasculatura dentro del tumor (Hiraoka, 2010). La migración eficiente de 
leucocitos hacia áreas disfuncionales en el parénquima implica diferentes pistas moleculares 
para guiar a las células inmunes, como citoquinas y quimioquinas secretadas por diferentes 
tipos celulares, sustancias liberadas por células necróticas (péptidos N-formil, lípidos, espe-
cies reactivas de oxígeno,etc) o factores haptotácticos como componentes de la matriz extra-
celular o receptores de adhesión expuestos en la superficie de las células parenquimales (Oo 
and Adams, 2010) (McDonald and Kubes, 2011). Por todo ello, el ambiente estromal hepático 
ayuda a establecer “códigos de direccionalidad” en la cascada de reclutamiento de leucocitos 
condicionando el comportamiento del endotelio sinusoidal o directamente interaccionando 
con las células inmunes (McGettrick et al., 2012). La transformación oncogénica, infección 
vírica, daño o muerte de los hepatocitos promueven la extravasación a través de los sinusoi-
des de numerosas células inmunes que buscan la presencia de células dañadas o transforma-
das, desechos celulares, microorganismos o la presentación de antígenos (Kang et al., 2011) 
(Hiraoka, 2010) (Longhi et al., 2010). La naturaleza, extensión y localización intrahepática 
del infiltrado leucocitario van a determinar la progresión y severidad del daño hepático.
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Los mecanismos moleculares que median la adhesión leucocitaria al parénquima hepático 
todavía no se han investigado en detalle. Sin embargo, la expresión diferencial de moléculas 
de adhesión y quimioquinas resulta clave en el reclutamiento selectivo de leucocitos. Las qui-
mioquinas secretadas por células parenquimales son además susceptibles de su presentación 
por el endotelio sinusoidal, ya que pueden ser transportadas desde la membrana basolate-
ral  hasta la superficie luminal endotelial por transcitosis, o ser capturadas directamente del 
lento flujo sanguíneo sinusoidal por el glicocalix endotelial en caso de que hayan sido secre-
tadas por colangiocitos en los espacios porta (Oo and Adams, 2010).  El complejo sistema 
quimioquina-receptor determina que se recluten adecuadamente en el tiempo y en el espacio 
subtipos específicos de células inmunes. Así por ejemplo durante el daño hepático aumenta 
la expresión de las quimioquinas CXCL16 y CXCL9-11 en hepatocitos y colangiocitos, sien-
do capaces de reclutar al parénquima y a los ductos biliares células T que interaccionarán a 
través de sus receptores CXCR6 y CXCR3 respectivamente. Se ha demostrado que la unión 
del receptor CXCR6 en células T a su ligando en estas células epiteliales promueve su adhe-
sión dependiente de integrinas y favorece el anclaje del linfocito sobre la célula parenquimal 
(Heydtmann et al., 2005). Al menos para neutrófilos y células-T, su adhesión firme sobre las 
células hepáticas se ha sugerido que ocurre a través de integrinas B2 en la superficie del leu-
cocito y su ligando ICAM-1 en células hepáticas (Meijne et al., 1994) (Nagendra et al., 1997) 
(Jaeschke and Hasegawa, 2006).  Por otra parte, la ligación de integrinas B2 en neutrófilos 
va a generar especies reactivas de oxígeno y la liberación de gránulos citotóxicos con enzimas 
proteolíticas que causan la necrosis hepatocelular (Jaeschke and Hasegawa, 2006). Por últi-
mo,  se ha propuesto que ICAM-1 expuesto en los microvilli de los hepatocitos puede pasar a 
través de las fenestraciones sinusoidales, alcanzar el torrente sanguíneo e interaccionar con 
los linfocitos circulantes (Warren et al., 2006) (Edwards et al., 2005) lo que sugiere que la 
interacción leucocito-hepatocito podría regula procesos de migración leucocitaria más allá de 
la infiltración parenquimal, como la migración transendotelial o la presentación antigénica a 
leucocitos en los sinusoides.
3. EL RECEPTOR DE ADHESIÓN ICAM-1 EN LA 
RESPUESTA INFLAMATORIA
3.1. Estructura
ICAM-1 (Intercellular adhesión molecule-1) pertenece a la superfamilia de las inmunoglobu-
linas, que engloba otras moléculas de adhesión como ICAM-2 y -3, VCAM-1 (vascular adhe-
sion molecule), ALCAM (activated leukocyte cell adhesion molecule) (Oppenheimer-Marks et 
al., 1991) (de Fougerolles et al., 1991) (Cayrol et al., 2008). Estas moléculas funcionan como 
contra-receptores de las integrinas, receptores heterodiméricos de adhesión que se activan 
pasando a un estado de alta afinidad en respuesta a estímulos citoplásmicos. En concreto 
ICAM-1 es un ligando de las integrinas aLβ2 LFA-1 (lymphocyte associated antigen 1) y 
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aMβ2 Mac-1 (macrophage-1-antigen) presentes en la membrana de los leucocitos.
ICAM-1-es una proteína transmembrana tipo I con peso molecular comprendido entre 80 
y 114 KDa dependiendo de su estado de glicosilación. Contiene 5 dominios extracelulares 
tipo inmunoglobulina (D1-D2), un dominio transmembrana y un corto segmento citoplás-
mico (Ilustración 4a). En su estado nativo ICAM-1 se encuentra en la superficie celular en 
equilibrio entre un estado monomérico y dimérico y difunde libremente por la membrana 
plasmática. Se han descrito dos sitios de dimerización para la molécula en los dominios ex-
tracelulares D1 y D4, y el dominio transmembrana es capaz de estabilizar dicha dimerización 
(Chen et al., 2007) que favorece la unión a integrinas (Miller et al., 1995). La unión y entre-
cruzamiento del receptor con integrinas o anticuerpos específicos provoca la disminución de 
su movilidad lateral, probablemente debido al aumento de la asociación a través de su seg-
mento citoplásmico con proteínas conectoras del citoesqueleto de actina (Yang et al., 2006) 
(van Buul et al., 2010).
3.2. Función
ICAM-1 juega un papel importante en la respuesta inmune innata y adquirida. En la forma-
ción de la sinapsis inmune su unión a LFA-1 favorece el contacto entre la célula presentadora 
de antígeno y el linfocito T, permitiendo la interacción entre el receptor de células T (TCR) y 
las moléculas del complejo mayor de histocompatibilidad (MHC) unidas al antígeno corres-
pondiente (Lawson and Wolf, 2009).
 Por otro lado, ICAM-1 es esencial para la adhesión y transmigración leucocitaria a través 
de la barrera endotelial. ICAM-1 no solo forma un gradiente de adhesión que el leucocito 
Figura 4. Estructura y función del receptor ICAM-1. 
(a) Esquema de los diferentes dominios de ICAM-1. TM= Transmembrana. (b) Figura representativa de las estructuras 
de anclaje endoteliales encargadas de la adhesión y transmigración leucocitaria en las que ICAM-1 ha sido implicado.
Adaptado de Reglero-Real et al, 2012.
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sigue hasta encontrar el mejor lugar para su extravasación, sino que provoca también la pro-
pagación de señales necesaria para la formación de “estructuras de anclaje” endoteliales que 
abrazan a los leucocitos favoreciendo su transmigración (Carman and Springer, 2004) (Regle-
ro-Real et al., 2012). Estas proyecciones de membrana son muy similares a agrupaciones de 
microvilli de superficie y se encuentran enriquecidas en actina y en los receptores de adhesión 
ICAM-1 y VCAM-1 y tetraspaninas como CD151 y CD9, que  interaccionan con los receptores 
de adhesión agrupándolos en la superficie celular (Barreiro et al., 2002) (Carman et al., 2003) 
(Ilustración4b) (Reglero-Real et al., 2012).
3.3. Conexión de ICAM-1 al citoesqueleto de actina: Las proteínas ERM
Para que la transmigración leucocitaria a través de la barrera endotelial sea eficiente, resul-
ta imprescindible la interacción del extremo citoplásmico de ICAM-1 con el citoesqueleto de 
actina a través de proteínas adaptadoras que regulan el agrupamiento de receptores en la 
superficie endotelial, como la proteína a-actinina (Carpen et al., 1992), cortactina (Tilghman 
and Hoover, 2002), filamina (Kanters et al., 2008) o las proteínas Ezrina/Radixina/Moesi-
na (ERMs) (Huang et al., 2011). Durante la adhesión leucocitaria a la superficie endotelial, 
estas proteínas conectoras median el reclutamiento de los receptores de adhesión ICAM-1 y 
VCAM-1 en las estructuras de anclaje endoteliales, encargándose de unir a estos receptores al 
citoesqueleto de actina cortical (Ilustración4b) (Barreiro et al., 2002) (Oh et al., 2007) (Kan-
ters et al., 2008) (Schnoor et al., 2011).
Figura 5. Esquema del mecanismo de activación de ERM. 
La fosforilación de un residuo específico de treonina en el extremo C-terminal y la presencia del fosfolípido PIP2 provo-
can el cambio conformacional de las proteínas ERM, encargadas de unir proteínas transmembrana al citoesqueleto de 
actina en su conformación activa o abierta. Adaptado de (Ivetic and Ridley, 2004).
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Las proteínas ERM pertenecen a la superfamilia de proteínas con dominio FERM (Four point 
one, Ezrin, Radixin, Moesin), presente en el extremo N-terminal de todas ellas. Este domi-
nio es el responsable de la interacción con el segmento citoplásmico de proteínas de mem-
brana y posee al menos tres secuencias consenso de unión a fosfoinosítidos. ERM contienen 
además un dominio central a-helicoidal y otro dominio de unión a actina en la región C-ter-
minal (Ilustración 5). La interacción intramolecular de sus extremos N y C-terminal regula 
negativamente a ERM, enmascarando sus sitios de unión a las proteínas correspondientes. 
La fosforilación de un residuo de treonina conservado en el dominio C-terminal de las tres 
proteínas (T567 en la ezrina, T564 en la radixina, T558 en la moesina) provoca un cambio 
conformacional que activa a ERM y las trasloca desde el citoplasma a la membrana, de mane-
ra que el dominio de unión a actina y el dominio FERM quedan expuestos y libres para inte-
raccionar con F-actina y proteínas de membrana respectivamente (Ilustración 5) (Bretscher 
et al., 2002). Distintas proteínas quinasas pueden potencialmente regular la fosforilación de 
ERM en este particular residuo de treonina. Entre ellas se ha identificado a PKC (en concreto 
PKC-a y PKCq), p38MAPK  y ROCK, el principal efector de RhoA (Ng et al., 2001) (Ivetic and 
Ridley, 2004) (Koss et al., 2006). Recientemente se ha descrito además que las quinasas LOK 
(lymphocyte orientated kinase) y SLK (Ste20-like kinase 4) son necesarais para que ezrina 
cicle entre su forma fosforilada y defosforilada, lo cual restringe la actividad de la proteína al 
dominio apical de células epiteliales placentarias (Viswanatha et al., 2012). Por otro lado, la 
unión a fosfoinosítidos, en especial a fosfatidilinositol 4,5 bisfosfato (PIP2), es necesaria para 
la activación de ERM y su reclutamiento a la membrana plasmática. Este lípido está presente 
en la cara citoplásmica de la membrana y actúa estabilizando la forma fosforilada en el extre-
mo C-terminal o favoreciendo el cambio conformacional de los monómeros a la forma activa 
previamente a la fosforilación (Ivetic and Ridley, 2004) (Fievet et al., 2007).
3.4. Regulación de ICAM-1 por la citoquina inflamatoria TNF-α. 
Relevancia en enfermedades inflamatorias hepáticas. 
Además de los efectos directos de las células inmunes sobre los hepatocitos, la respuesta in-
flamatoria hepática se encuentra ampliamente regulada por citoquinas, que funcionan como 
pequeños mensajeros secretados por una célula para alterar el comportamiento de células ve-
cinas o el de la propia célula. Las citoquinas juegan un papel clave en la compleja interacción 
entre células inmunes y hepatocitos, ya que pueden activar funciones efectoras en leucocitos 
así como vías de señalización hepatocelulares necesarias para el control de la homeostasis 
celular. Las células de Kupffer y los macrófagos y linfocitos T infiltrados en el parénquima 
hepático constituyen las fuentes principales de liberación de citoquinas, entre las que se en-
cuentran IL-1 (Interleukin	1), IL-6, TNF-a (tumor-necrosis	factor	alpha) e INF-g (interferon	ga-
mma). 
Una de las rutas de mayor relevancia en la inflamación y daño hepático es la mediada por 
TNF-a. Pacientes con hepatitis fulminante presentan niveles elevados en suero de TNF-a así 
como de sus receptores TNF-R1 y TNF-R2, y sus hígados muestran infiltrados leucocitarios 
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con alta producción de TNF-a y elevada expresión de TNF-R1 hepatocelular (Streetz et al., 
2000). 
Muchos de los efectos proinflamatorios de TNF-a se pueden explicar a través de su capacidad 
para inducir el reclutamiento de leucocitos al lugar dañado. Por una parte, TNF-a provoca un 
aumento en la permeabilidad de barreras endoteliales y epiteliales a través de la alteración de 
las uniones intercelulares y la remodelación dramática de su citoesqueleto de actina, procesos 
en los que intervienen rutas de señalización mediadas por la GTPasa RhoA, MAPK y la proteí-
na quinasa C (PKC) (Nwariaku et al., 2003) (Ferro et al., 2000). Por otra parte, TNF-a activa 
vías de señalización intracelular (Tacke et al., 2009) que inducen la expresión de moléculas 
de adhesión como ICAM-1 y VCAM-1 en diferentes tipos celulares  (Sano et al., 1999). La 
expresión celular del receptor ICAM-1 es moderada en el hígado, pero se induce en respuesta 
a TNF-a en células endoteliales, hepatocitos y células epiteliales biliares (Sano et al., 1999) 
(Cruickshank et al., 1998). Además, se observa marcaje hepatocelular de ICAM-1 en diversas 
patologías inflamatorias como hepatitis C y B (Volpes et al., 1990a) (Volpes et al., 1990b) 
(Doi et al., 1994), enfermedad autoinmune hepática (Adams et al., 1991) y rechazo hepático 
(Romero et al., 2000). Por último, la forma soluble de ICAM-1, que contiene los cinco domi-
nios inmunoglobulina del receptor, se encuentra incrementada en plasma de pacientes con 
patologías hepáticas inflamatorias (Adams et al., 1993) (Thomson et al., 1994). 
3.5. Función de ICAM-1 en el parénquima hepático
Aunque la función de ICAM-1 en hepatocitos no ha sido estudiada tan en detalle como en 
células inmunes o endoteliales, este receptor contribuye al reclutamiento de linfocitos T du-
rante el desarrollo de hepatitis fulminante inducida por Concanavalin A en modelos murinos 
(Wolf et al., 2001).  La severidad de la hepatitis inducida en este modelo se encuentra reduci-
da en ratones “knockout” para ICAM-1 (Kawasuji et al., 2006). Por otro lado, existe también 
evidencia para sugerir un rol del receptor en la capacidad inmunogénica de hígados trans-
plantados, ya que tanto hepatocitos como células no parenquimales deficientes en ICAM-1 
generan un desarrollo defectuoso de linfocitos T citotóxicos alogénicos (Bumgardner et al., 
1998).)
4. POLARIDAD HEPATOCELULAR Y FUNCIÓN
4.1. Aspectos generales de la polaridad celular epitelial
La asimetría espacial o polaridad es una propiedad fundamental de la mayoría de las células 
eucariotas y es esencial para el correcto desarrollo tisular de organismos complejos. Durante 
la adquisición de polaridad celular la célula establece y mantiene dominios en la membrana 
plasmática separados físicamente y de composición y función diferentes. Esta organización 
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espacial controla procesos celulares tan diversos como la secreción de moléculas, la respuesta 
inmune, la migración y diferenciación celular, el desarrollo y la morfogénesis (Wodarz and 
Nathke, 2007).
Uno de los mejores modelos para estudiar la polaridad celular son las células epiteliales que 
recubren la superficie de las cavidades de los órganos. Los epitelios constituyen una capa ce-
lular altamente organizada que sirve de barrera entre distintos compartimentos extracelu-
lares y posee funciones muy especializadas de secreción, absorción y transporte de solutos 
y moléculas. Como consecuencia, las células epiteliales diferencian su membrana plasmática 
en un dominio apical que mira al lumen y otro basolateral en contacto con células vecinas y la 
circulación sanguínea, lo que se conoce como polaridad apicobasal (Ilustración 6) (McCaffrey 
and Macara, 2011). Ambos dominios son diferentes en función y composición (Simons and 
van Meer, 1988), que se mantiene gracias a la existencia de uniones estrechas encargadas 
de evitar la difusión de proteínas y lípidos de la membrana apical a la basolateral y viceversa 
(Zegers and Hoekstra, 1998).
Para generar y mantener su arquitectura polarizada, las células necesitan establecer un trans-
porte diferencial y dirigir moléculas específicamente hacia la membrana apical o basolateral. 
Las proteínas de membrana pueden alcanzar su destino a través de dos mayoritarias rutas de 
transporte. En la ruta directa las proteínas de nueva síntesis se segregan en vesículas en la 
red trans-Golgi (TGN) y se dirigen directamente al dominio de membrana correspondiente 
(basolateral o apical). Durante la ruta indirecta, todas las proteínas llegan primero un domi-
nio, normalmente la membrana basolateral. Desde allí las proteínas se endocitan y mediante 
mecanismos específicos de reparto (sorting) vesicular se transportan finalmente al dominio 
opuesto. Este transporte vesicular entre diferentes dominios de superficie se denomina trans-
citosis (Ilustración 6) (Zegers and Hoekstra, 1998) (Mostov et al., 2000).
Figura 6. Polaridad celular epitelial. 
Esquema representativo de células epiteliales con polaridad columnar (a) y hepatocitos (b) donde se distinguen el do-
minio basolateral (verde) y el dominio apical (rojo) separados por las uniones estrechas (TJ). En los hepatocitos el 
dominio apical forma un lumen lateral que corresponde al canalículo biliar. Las flechas moradas indican la ruta de trans-
porte apical directo que predomina en las células con polaridad columnar, mientras que el transporte apical indirecto 
señalado por flechas azules abunda en los hepatocitos.
TJ TJ TJ TJ 
TJ 
SIMPLE COLUMNAR POLARITY   HEPATOCELLULAR POLARITY 
a b 
Direct route 
Transcytosis or 
Indirect route Bile canaliculi 
TJ 
Basolateral 
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4.2. Mecanismos implicados en el establecimiento de la polaridad 
apicobasal del hepatocito
Los hepatocitos son células epiteliales polarizadas que difieren morfológicamente del resto 
de epitelios. Mientras que el dominio apical de las células epiteliales columnares forma un 
plano continúo en su vértice apical, los hepatocitos generan lúmenes apicales que forman 
canales entre células adyacentes denominados canalículos biliares (Ilustración6). Las uniones 
estrechas separan el dominio apical de la membrana basolateral, que queda expuesta al espa-
cio de Disse e interacciona con los sinusoides y leucocitos extravasados. El mantenimiento 
de esta arquitectura polarizada resulta esencial para la correcta función del hepatocito; en su 
superficie basal intercambia metabolitos con la sangre, incluyendo el transporte de pequeñas 
moléculas a través de este dominio y la secreción de proteínas plasmáticas, mientras que en la 
membrana apical se secretan ácidos biliares y productos de detoxificación al lumen canalicu-
lar. La pérdida de polaridad es distintivo de disfunción, daño hepático y colestasis (Wang and 
Boyer, 2004).
 Los principales mecanismos de polarización hepatocelulares incluyen el tráfico intracelular, 
las uniones intercelulares y componentes reguladores del citoesqueleto.
4.2.1.	Transporte	vesicular	polarizado
A pesar de que los hepatocitos comparten muchas características en el tráfico polarizado de 
proteínas y lípidos a dominios específicos de membrana con el resto de células epiteliales, 
existen diferencias notorias en este aspecto. Mientras que en el modelo epiteliales con po-
laridad columnar, como en células derivadas de epitelios de riñon domina la ruta directa de 
transporte apical entre el Golgi y membrana, en los hepatocitos muchas proteínas de nueva 
síntesis siguen una ruta adicional transcitótica para llegar al dominio apical (Ilustración 6) 
(Weisz and Rodriguez-Boulan, 2009) (Zegers and Hoekstra, 1998) (Wang and Boyer, 2004).
Ruta directa
Únicamente se ha descrito un transporte apical directo en hepatocitos para los transportadores 
canaliculares tipo ABC (ATP-binding cassette) (Kipp and Arias, 2000). Dentro de esta familia, 
las proteínas se clasifican en función de las distintas sustancias que van a transportar hacia 
el lumen canalicular, incluyendo a MDR1 (multidrug	 resistance	protein; cationes orgánicos), 
MDR2 (fosfolípidos), ABCB11/Bsep  (bile	acid	export	pump; ácidos biliares), MRP2 (multidrug	
resistance	associated	protein; ácidos biliares y aniones orgánicos) y ABCG5/8 (esteroles). Estos 
transportadores ciclan entre la membrana canalicular y un compartimento subapical de 
endosomas de reciclaje positivo para Rab11, y se dirigen directamente al dominio canalicular 
desde la TGN mediante un mecanismo dependiente de balsas lipídicas (Wakabayashi et al., 
2004), (Wakabayashi et al., 2006) (Weisz and Rodriguez-Boulan, 2009) (Wang and Boyer, 
2004). 
Por otro lado, los hepatocitos secretan a la bilis abundantes cantidades de fosfolípidos 
y colesterol, por lo que el tráfico lipídico cobra especial relevancia en este tipo celular. A 
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pesar de que lípidos y proteínas pueden co-transportarse en las mismas vesículas hasta la 
membrana plasmática, en hepatocitos una parte sustancial de los lípidos totales, sobre todo 
esfingolípidos, se transporta directamente al dominio apical (Zegers and Hoekstra, 1998). 
Ruta indirecta
En hepatocitos se ha descrito un transporte apical indirecto para proteínas transmembrana 
como dipeptidil peptidasa IV y el receptor polimérico de inmunoglobulina A (Bastaki et al., 
2002) y proteínas unidas a grupos glicosilfosfatidilinositol (GPI) como 5’-nucleotidasa (Schell 
et al., 1992) y CD59 (de Marco et al., 2002). Entre la maquinaria que regula la transcitosis de 
proteínas apicales se encuentra la Rho GTPasa Cdc42, que actúa a través de su asociación con 
la formina INF-2 y la proteína residente en balsas lipídicas MAL-2 (Madrid et al., 2010). Las 
balsas lipídicas son dominios ordenados de membrana ricos en glicoesfingolípidos y colesterol 
e insolubles en detergentes no iónicos, característica que permite aislarlos bioquímicamente, 
y la inclusión de proteínas en balsas lipídicas constituye una señal de transporte apical en 
hepatocitos.  La familia de proteínas MAL emerge como maquinaria clave en la regulación de 
estos dominios ordenados de membrana, y del transporte polarizado en diferentes epitelios 
(Puertollano et al., 1999) (Martin-Belmonte et al., 2000).
Mecanismos reguladores del transporte intracelular polarizado en hepatocitos
El tráfico de esfingolípidos a la membrana canalicular se encuentra regulado por las kinasas 
PKC y PKA, y modificaciones en este transporte se correlacionan con cambios en la polaridad 
hepatocelular. De esta manera la activación de PKC con ésteres de forbol como PMA inhibe 
el transporte apical de lípidos por la ruta directa e indirecta, además de perturbar las unio-
nes estrechas a tiempos más tardíos, lo cual se refleja en una alteración o completa desapari-
ción de las estructuras canaliculares (Zegers and Hoekstra, 1997) (Kubitz et al., 2004 ) (Mee 
et al., 2009). Asimismo, la secreción biliar y el transporte vesicular apical en hepatocitos de 
rata se inhibe al estimular PKC (Corasanti et al., 1989) (Benedetti et al., 1994). Sin embargo, 
la activación de PKA promueve el transporte vesicular apical de lípidos y proteínas por am-
bas rutas, así como el aumento de “vacuolas canaliculares” en hepatocitos no polarizados. 
Como consecuencia los hepatocitos con actividad incrementada de PKA presentan mayor 
tamaño y número de lúmenes apicales además de una elevada síntesis de ácidos biliares (Ze-
gers and Hoekstra, 1997). Los propios ácidos biliares, por otro lado, estimulan la adquisi-
ción de polaridad hepatocelular a través de la señalización por las kinasas LKB1(Liver	kinase	
B1) y AMPK (AMP-activated	protein	kinase) (Fu et al., 2011), que son claves en la regulación 
del metabolismo celular en condiciones de depleción energética y suponen una unión mo-
lecular entre polaridad y el estado metabólico de la célula (Williams and Brenman, 2008).. 
4.2.2.	Uniones	intercelulares	
Entre los diferentes tipos de complejos multiproteicos que forman las uniones célula-célula, 
las uniones intercelulares estrechas son cruciales en hepatocitos porque separan el flujo biliar 
de la circulación sanguínea. Las uniones estrechas se componen de proteínas integrales de 
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membrana incluyendo a ocludina, la familia de las claudinas y las JAMs (Junctional	Adhesion	
Molecules), que se asocian a proteínas que interaccionan con el citoesqueleto de actina como 
ZO-1 (Zonula	Occludens	protein	1) (Benedicto et al., 2008). Estas estructuras se encuentran re-
guladas por diversas citoquinas y factores de crecimiento (Kojima et al., 2009) y están impli-
cadas en la formación de canalículos biliares y en conservar la separación entre los dominios 
apical y basolateral (Konopka et al., 2007) (Braiterman et al., 2008) (Kojima et al., 2009),  por 
lo que resultan esenciales para el mantenimiento de la polaridad hepatocelular.
4.2.3.	Proteínas	reguladoras	del	citoesqueleto:	Rho	GTPasas
La familia de Rho GTPasas está compuesta por proteínas monoméricas con un tamaño aproxi-
mado de 20 kDa. La mayoría de las Rho GTPasas ciclan entre dos estados: uno activo uni-
das a nucleótidos de guanosina trifosfato (GTP) y otro inactivo unido a guanosina difosfato 
(GDP). Su actividad está regulada por 3 tipos de proteínas: GEF (Guanosin	nucleotide	Exchange	
Factor) que activa las Rho GTPasas intercambiando GDP por GTP, GAP (GTPase-Activating	
Protein) que favorece la hidrólisis del  GTP y por tanto inactiva a las Rho-GTPasas, y GDI 
(GDP-dissociation	inhibitor) que inhibe el intercambio de GDP por GTP, manteniéndolas en es-
tado inactivo y localización citoplásmica. Las Rho GTPasas ejercen normalmente su función 
en la membrana plasmática, donde pueden anclarse debido a que se encuentran modificadas 
postraduccionalmente por prenilación.
En la especie humana están representadas por al menos 23 miembros, de las cuales Rac, 
Cdc42 y Rho son las mejor caracterizadas. La activación de RhoA, a través de su efec-
tor ROCK (Rho	 Kinase) que activa a Miosina-II ATPasa, promueve la formación de fibras 
de estrés y el ensamblaje/desensamblaje de las adhesiones focales. En el hepatocito po-
ralizado inhibe la morfogénesis de lúmenes apicales mediada por la matriz extracelular 
(Herrema et al., 2006). Rac y Cdc42 median la polimerización de actina a través de la fa-
milia de activadores del complejo Arp2/3, WASP y WAVE (Ridley et al., 2003) y en célu-
las polarizadas contribuyen a la formación de las uniones intercelulares y a establecer 
polaridad apicobasal a través de diferentes efectores como el complejo de polaridad PAR. 
Complejo de polaridad PAR
Los complejos de polaridad funcionan determinando puntos de referencia en la membra-
na plasmática que irán expandiéndose por el reclutamiento de proteínas específicas a estos 
lugares. El complejo de polaridad PAR está formado por Par3 (Partition	 defective	 3), Par6 
y una Proteína kinasa C atípica (aPKC), que incluye las isoformas PKCl/t y PKCx que va-
ría dependiendo del contexto celular. Este complejo controla numerosos aspectos de la 
polaridad celular, entre los que se incluye el establecimiento del eje de polaridad apicoba-
sal y la formación del lumen en células epiteliales (Martin-Belmonte and Mostov, 2008). 
El complejo PAR es de especial interés ya que su activación por Rho GTPasas constituye 
la primera pista para el inicio de la señalización de polaridad. Las formas activas de Rac1 
y cdc42 se unen a Par6 abrogando su efecto inhibitorio sobre aPKC (Garrard et al., 2003), 
a la que se encuentra constitutivamente asociada, siendo las distintas aPKCs los mayo-
res efectores del complejo de polaridad. De esta manera, Rac1 activo a través de su GEF 
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Tiam1 controla la asociación y activación del complejo Par3/Par6/aPKC para inducir la 
biogénesis de las uniones estrechas y el establecimiento de la polaridad en células epite-
liales (Mertens et al., 2006). Por otro lado, Cdc42 también regula la formación de la mem-
brana apical y el lumen durante la morfogénesis epitelial localizando y activando a Par6/
aPKC al dominio apical de células MDCK en cultivo 3D. (Martin-Belmonte et al., 2007). 
4.2.4.	Proteínas	reguladoras	del	citoesqueleto:	ERMs
Como ya se ha mencionado en apartados anteriores, las proteínas ezrina, radixina y moesina 
interconectan proteínas de membrana en la superficie celular con el citoesqueleto de actina 
subyacente, contribuyendo a la formación de diversas estructuras de membrana y a nume-
rosas rutas de señalización celular. En células epiteliales se acumulan en los microvilli del 
dominio apical, y son fundamentales no solo para el anclaje y transporte de proteínas apicales 
sino también para las funciones fisiológicas que ocurren en este dominio (Fievet et al., 2007).
Inicialmente descritas por separado, las proteínas ERM se encuentran altamente conservadas 
a lo largo de la evolución y su expresión es ubicua y depende del órgano y del tipo celular. 
Las proteínas ERMs juegan papeles redundantes en muchos procesos celulares, aunque jue-
gan funciones específicas en ciertos tipos celulares (Serrador et al., 1997). En hepatocitos la 
proteína ERM dominante es la radixina, que resulta  esencial para el mantenimiento de su 
arquitectura polarizada. La radixina se distribuye en la membrana canalicular y es necesaria 
para la integridad de esta estructura y una correcta secreción biliar a través del transportador 
Mrp2 (Wang et al., 2006), con el cual interacciona a través de su dominio C-terminal (Kikuchi 
et al., 2002). Los ratones con expresión deficiente de radixina presentan un cuadro de hiper-
bilirrubinemia conjugada que recuerda al síndrome humano de “Dubin-Johnson”, cursando 
con daño hepático, alteración de la superficie canalicular, disminución de microvilli y deslo-
calización de Mrp2 de este dominio (Kikuchi et al., 2002). La ezrina hepática se ha detectado 
en patologías del hígado, sobre todo en hepatocellular carcinoma (Okamura et al., 2008) y 
hepatocitos en áreas cirróticas (Claperon et al., 2013), y ocasionalmente en hepatocitos sanos 
(Gilbert et al., 2012). A pesar de que las proteínas ERM parecen ser claves para la retención 
de algunas proteínas canaliculares, hasta ahora no se conoce en detalle cómo estas proteínas 
conectoras operan en la membrana sinusoidal.
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5. POLARIDAD HEPATOCELULAR Y DAÑO HEPÁTICO
Como ya se ha mencionado anteriormente, existe una correlación robusta entre pérdida de 
polaridad hepatocelular y disfunción hepática. No sólo la pérdida de polaridad es una carácte-
rística típica de la transformación oncogénica de los epitelios polarizados, incluidos los hepa-
tomas (McCaffrey and Macara, 2011).  Los hepatocitos dañados por trauma o infectados por 
virus de la hepatitis B y C, pierden también su polaridad apicobasal (Benedicto et al., 2008) 
(Benedicto et al., 2011) (Mee et al., 2010) (Shousha et al., 2004). Por ejemplo, el virus de la 
hepatitis C utiliza las proteínas de uniones estrechas claudina y ocludina como vía de entrada 
en la célula (Evans et al., 2007) (Ploss et al., 2009) (Benedicto et al., 2011), provocando la 
pérdida de polaridad de los hepatocitos infectados  (Mee et al., 2010), lo cual hace que estas 
células sean a su vez más susceptibles a la entrada de nuevos virus (Mee et al., 2009). El aná-
lisis comparativo de marcadores canaliculares en biopsias de hígados con diferentes grados de 
cirrosis, hepatitis C y carcinoma hepático ha demostrado la pérdida de estas estructuras api-
cales en condiciones de daño hepático severo, mientras que en enfermedades que cursan con 
componente inflamatorio leve y fibrosis suave se preserva el marcaje canalicular (Shousha et 
al., 2004). Puesto que todas estas alteraciones requieren el reclutamiento de células inmunes 
al parénquima para combatir infecciones o regenerar el tejido, la pérdida de polaridad hepato-
celular se correlaciona, además, con un aumento del infiltrado leucocitario hepático (Shousha 
et al., 2004) (Shetty et al., 2008).

OBJETIVOS
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La arquitectura polarizada de los hepatocitos resulta esencial para su correcta función. La 
pérdida de polaridad hepatocelular es distintivo de disfunción y daño hepático y se correla-
ciona además con un aumento en la infiltración de leucocitos en el tejido. Esto nos ha llevado 
a preguntarnos si la polaridad apicobasal de los hepatocitos es capaz de regular la  interacción 
entre las células del sistema inmune y las células hepáticas. Para responder a esta cuestión 
nos planteamos los siguientes objetivos:
1. Investigar si existe relación entre polaridad apicobasal y adhesión leucocitaria a célu-
las hepáticas.
2. Caracterizar el mecanismo molecular que regula la interacción entre células inmunes y 
hepatocitos.
3. Investigar la distribución de receptores de adhesión hepáticos in vivo en muestras de 
tejido de pacientes con hepatopatías de componente inflamatorio agudo y crónico.

materiales	y	métodos
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1. MATERIALES
1.1. Anticuerpos
1.1.1.	Anticuerpos	primarios
Los anticuerpos primarios empleados en inmunodetección (WB) y en inmunofluorescencia 
(IF), se resumen en la siguiente tabla:
Proteína Anticuerpo Especie Referencia Dilución 
WB
Dilución 
IF
Dilución 
IHQ
ICAM-1 anti-ICAM1 Ratón R&D Systems - 1:500 -
ICAM-1 anti-ICAM1 Conejo Santa Cruz Biotechnology 1:1000 - -
ICAM-1 anti-ICAM1 Ratón Santa Cruz Biotechnology - - 1:1000
ICAM-1 anti-ICAM1 Rata Santa Cruz Biotechnology - - 1:1000
ALCAM PAIN s-15 Ratón Dr. C. Cabañas (CBMSO, 
Madrid , España)
- 1:100 -
Mrp-2 H-17 Rata Santa Cruz Biotechnology - 1/200 -
ERK1/2 anti-ERK Conejo Santa Cruz Biotechnology 1:1000 - -
Cdc42 anti-Cdc42 Ratón BD Transduction Labora-
tories
1:1000 - -
CD10 anti-CD10 Ratón Dako - - Ninguna
TfR anti-TfR Conejo ZYMED 1:1000 - -
ERM anti-ERM Conejo Cell Signaling Technology 1:1000 - -
P-ERM anti-P-ERM Conejo Cell Signaling Technology 1:1000 1:500 -
Radixin anti-Radixin Conejo Cell Signaling Technology 1:1000 1:200 -
Moesin anti-Moesin Conejo Cell Signaling Technology
Ezrina anti-Ezrin Ratón BD Transduction Labora-
tories
1:1000 - -
GFP anti-GFP Ratón Sigma 1:500 1:500 -
CD59 MEM 43/5 Ratón Dr. V. Horejsi (Institute 
of Molecular Genetics, 
Prague, Czech Republic)
- 1:500 -
Anticuerpo Especie Referencia Dilución WB Dilución IF Dilución IHQ
Anti-IgGs ratón 
HRP
Cabra Jackson Immuno-
research
1:5000 -
Anti-IgGs conejo 
HRP
Cabra GE Healthcare 1:5000 -
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1.1.2.	Anticuerpos	secundarios
Los anticuerpos secundarios utilizados en inmunodetección (WB) y en inmunofluorescencia 
(IF), se resumen en la siguiente tabla:
1.2. Reactivos
El medio de montaje Fluoromont fue adquirido a Southern Biotechonology Associates Inc. 
(Birmingham, AL). El antibitico geneticina se obtuvo de Gibco-Life Technologies. La Sulfo-
NHS-biotina y la neutravidina-agarosa fueron adquiridas a Thermo-Scientific, y la resina glu-
tathione-sepharose a GE Healthcare. El Dibutiril-AMPcíclico (dcAMP), el Forbol 12-miristato 
13-acetato (PMA) y el inhibidor PD169316 se obtuvieron de Sigma-Aldrich y el pseudosubs-
Anti-IgGs ratón 
488-555
Burro Invitrogen - 1:500 -
Anti-IgGs conejo 
488-555
Burro Invitrogen - 1:500 -
Anti-IgGs ratón 
647
Burro Invitrogen - 1:200 -
Anti-IgGs conejo 
647
Burro Invitrogen - 1:200 -
Anti-IgGs rata 
488-555
Burro Invitrogen - 1:500 -
Faloidina-TRICT - Invitrogen - 1:4000 -
Faloidina-647 - Invitrogen - 1:1000 -
Anti-IgGs ratón 
Biotinilado
Conejo Dako - - 1:250
Anti-IgGs rata 
Biotinilado
Conejo Dako - - 1:80
Plásmido Expresión Vector Epítopo Referencia
ICAM-1-GFP ICAM-1 pEGFP-N1 GFP Dr. F. Sánchez-Madrid (Hospital 
de la Princesa, Madrid, Spain).
paICAM-1-GFP ICAM-1-GFP fo-
toactivable
pEGFP-N1 paGFP Generado en el laboratorio
ICAM-1-Act-GFP Dominios TM y 
extracelulares de 
ICAM-1
pEGFP-N1 GFP Dr. Chang-Duk Jun (Gwangju 
Institute of Science and Tech-
nology, Korea)
GFP-ICAM-1-Dext Dominios TM y 
citoplásmico de 
ICAM-1
pEGFP-C1 GFP Generado en el laboratorio
GST-ICAM-1-tail Dominio citoplás-
mico de ICAM-1
pGEX-2T GST Prof. Anne Ridley (Kings Col-
lege, London, U.K.)
GST-ICAM-1 K>L Dominio citoplás-
mico de ICAM-1 
con la mutación 
K>L de las lisinas 
508, 510 y 511.
pGEX-2T GST Prof. Anne Ridley (Kings Col-
lege, London, U.K.)
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trato de aPKC y las sondas Calceína-AM y CMTMR de Invitrogen. Los inhibidores PKCGö e 
Y-27632 fueron adquiridos a Calbiochem y el TNF a R&D.
1.3. Plásmidos
1.4. Oligonucleótidos
Los oligonucleótidos utilizados para los clonajes de este trabajo fueron sintetizados por Iso-
gen mientras que los oligos para los experimentos de interferencia (siRNA) fueron adquiridos 
a Dharmacon.
1.4.1.	Oligonucleótidos
1.4.2.	siRNA
1.5. Enzimas
1.5.1.	De	restricción
 Para el clonaje de las construcciones de DNA generadas durante esta tesis se emplearon las 
siguientes enzimas de restricción: BamHI y EcoRI.
RDX-YFP Radixina pReceiver-M16 YFP Dr. F. Valderrama (St. George 
University, London, UK)
Ezrin-GFP Ezrina pEGFP-N1 GFP Dra. Monique Arpin (Institut 
Curie-Unité Mixte de Recherche 
Centre National de la Recher-
che Scientifique, Paris, France)
EzrinTD-GFP EzrinaT567D pEGFP-N1 GFP Dra. Monique Arpin (Institut 
Curie-Unité Mixte de Recherche 
Centre National de la Recher-
che Scientifique, Paris, France)
GFP GFP pEGP-N1 - Clontech
YFP YFP pcDNA3-YFP - Addgene
Actin-cherry Cherry pmCherry - Ann Wheeler (Imperial College, 
London, UK)
Nombre Secuencia 5’-3’
GFP-ICAM-1-Dext 5’ GGGCCCGAATTCTGGCGGCTCCCCCCGGTATGAGATTGTC
GFP-ICAM-1-Dext 3’ CCCGGGGGATCCTCAGGGAGGCGTGGCTTGTGTGTT
Nombre Secuencia 5’-3’
siICAM-1 (1) GAAGAUAGCCAACCAAUGU
si ICAM-1 (2) GAACAGAGUGGAAGACAUAUU
si Cdc42 (1) GAUUACGACCGCUGAGUUAUU
si Cdc42 (2) GAUGACCCCUCUACUAUUGUU
Si Control (C) (Dharmacon) -
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1.5.2.	Polimerasas
La polimerasa termoestable empleada en los clonajes fue la Taq DNA polimerasa de Thermus 
aquaticus (Promega). Asimismo, se utilizó la DNA ligasa del fago T4 de Fermentas para la 
ligación de los fragmentos de DNA y vectores.
2. MÉTODOS
2.1. Líneas celulares, cultivos primarios y condiciones de cultivo
HepG2 (línea epitelial de hígado humano)
Hepatocitos primarios humanos
PBLs (linfocitos T de sangre periférica)
HUVECs (células endoteliales humanas provenientes de la vena de cordón umbilical))
La línea celular HepG2 se creció en medio DMEM suplementado con glutamina al 1%, suero 
fetal de ternera al 5% (Sigma-Aldrich, St. Louis, MO), 50U/ml penicilina y estreptomicina 50 
U/ml (Gibco-BRL, Gaithersburg, MD). Los hepatocitos primarios fueron crecidos en sándwi-
ches de colágeno con medio HCM (LONZA) durante 5 días para inducir su polarización como 
se ha descrito previamente (Dunn et al., 1992) (Tolosa et al., 2011) Los linfocitos T humanos 
se aislaron de sangre procedente de un sujeto sano mediante gradiente de Ficoll, se estimu-
laron con 0.5% phytohemaglutinina y durante 48h y posteriormente se cultivaron con IL-2 
durante al menos 7-12 días. Los cultivos primarios de células endoteliales provenientes de la 
vena de cordón umbilical fueron cultivados en medio EGM-2 de Lonza.
Todos los cultivos se mantuvieron en incubadores a 37ºC, con CO2 al 5% y 95% de humedad.
2.2. Tejidos
• Tejidos humanos: En colaboración con el Hospital General de Asturias se analizaron 
muestras de tejido que provenían de tres casos de rechazo hepático post-transplante, tres 
casos de hepatitis B y tres de hepatitis C, así como de cuatro donantes sanos utilizados como 
control.
• Tejidos murinos: Las muestras de tejido hepático procedentes de modelos murinos de 
daño hepático fulminante fueron proporcionadas por el laboratorio del Prof. Prieto (CIMA, 
Universidad de Navarra). Se analizaron muestras de animales tratados con ConA durante 6, 
12, 24 y 48 horas y con AdCD40L durante 96 horas (Fernandez-Ruiz et al., 2011).
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2.3. Clonajes
El clonaje de la construcción que expresa GFP fusionado al fragmento transmembrana y cito-
plásmico de ICAM-1 se llevó a cabo mediante la amplificación de fragmentos de DNA por 
PCR en condiciones estándar utilizando los oligos GFP-ICAM-1-Dext 5´y GFP-ICAM-1-Dext 
3’, que contienen, además de las secuencias específicas, las dianas para EcoRI y BamHI, res-
pectivamente. Como molde se utilizó el DNA de ICAM-1-GFP.
El fragmento obtenido se clonó en el vector de expresión pEGP-C1 (Clontech) obteniéndose 
la construcción GFP-ICAM-1-Dext.
2.4. Transfección de DNA y generación de clones estables
La transfección en células HepG2 de los vectores de expresión anteriormente descritos se rea-
lizó por electroporación con un electroporador Electro Cell Manipulator 600 (BTX). Las célu-
las se tripsinizaron, centrifugaron y resuspendieron en un volumen final de 200 l de medio 
DMEM suplementado con suero fetal bovino 10% (v/v), glutamina 1% (p/v), penicilina 100 
U/ml y estreptomicina 100 g/ml, 10 mM HEPES (Sigma) y 37,5 mM NaCl. Posteriormente 
se mezclaron con 1-5 g del DNA plasmídico a transfectar y con 20 g de esperma de salmón 
(Sigma-Aldrich). Tras un pulso eléctrico de 200V, 480  y 950 mF, las células se volvieron a 
sembrar en placas y se procesaron a las 24 ó 48 horas posteriores a la transfección.
Para la expresión estable de proteínas exógenas, las células transfectadas fueron selecciona-
das con geneticina G-418 a una concentración de 0.5mg/ml durante al menos 4 semanas. 
Los clones resistentes al antibiótico y positivos para la expresión de la proteína en cada caso 
fueron aislados y analizados por inmunotransferencia o inmunofluorescencia con anticuer-
pos específicos. Después de varios pases en medio sin antibiótico más del 90% de las células 
mantuvieron la expresión del producto exógeno.
2.5. Transfección de siRNA
Las transfecciones de oligonucleótidos pequeños de interferencia de ARN “siRNA” comple-
mentario al ARNm de la proteína diana se llevaron a cabo con oligofectamina 2000 (Invi-
trogen), según instrucciones del proveedor. 24 horas después de la transfección las células 
fueron tripsinizadas y sembradas en placas de cultivo o cubres de vidrio. 48 horas más tarde 
se procedió a realizar la lisis celular o los ensayos de inmunofluorescencia, biotinilación o 
adhesión linfocitaria.
2.6. Obtención de extractos proteicos
Los extractos totales de proteínas procedentes de cultivos celulares se obtuvieron tras el  lava-
do de las células dos veces con PBS (solución salina tamponada con fosfato, 8 mM Na2HPO4, 
1,5 mM KH2PO4 pH7,2; 137 mM NaCl y 2,7 mM KCl) y su lisis con solución de Laemmli 
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(Laemmli, 1970). Posteriormente, los extractos se sonicaron durante 1 minuto para romper 
el ADN celular.
2.7. Electroforesis de proteínas (SDS-PAGE), electrotransferencia e 
inmunodetección (Western-Blot)
Los extractos proteicos preparados en solución de Laemmli se hirvieron durante 5 minutos 
antes de analizarlos en condiciones reductoras en geles de poliacrilamida (SDS-PAGE) adap-
tados al sistema de electroforesis Mini-PROTEAN II (Bio-Rad). Como marcadores se utilizó la 
mezcla de proteínas de pesos moleculares conocidos comprendidos entre 10 y 250 kDa, Dual 
Color (Bio-Rad). Los geles se corrieron a un voltaje constante de 120 V durante 1 hora, en una 
solución tamponada con 25 mM Tris, 130 mM glicina y SDS 0,1% (p/v).
Las proteínas separadas en geles SDS-PAGE se transfirieron a una membrana de Immobilon–
PVDF (Millipore) en una solución de Tris-Glicina pH 8,6  y MeOH 20% usando el sistema 
Mini Trans-Blot (Bio-Rad). Las transferencias se realizaron durante 1 hora a un voltaje de 
100V. Las membranas se bloquearon con leche en polvo desnatada al 10% (p/v) en PBS con 
Tween-20 al 0,05% (v/v), durante 1 hora. Se incubaron con el anticuerpo primario durante 
la noche a 4ºC, y después se lavaron durante 10 minutos tres veces consecutivas en PBS con 
Tween-20 al 0,05% (v/v). Para la inmunodetección de los complejos antígeno-anticuerpo so-
bre las membranas, se usaron anticuerpos secundarios acoplados a peroxidasa (HRP). Las 
membranas se incubaron durante 60 minutos con los anticuerpos secundarios y se lavaron 
posteriormente 3 veces durante 20 minutos en PBS Tween-20 al 0,05%. La detección de las 
proteínas se realizó mediante la reacción quimio-luminiscente catalizada por la peroxidasa de 
rábano unida a los anticuerpos secundarios usando los reactivos ECL (Enhanced ChemiLumi-
niscence) de Amersham Pharmacia Biotech y película fotográfica de Kodak.
2.8. Modulación de la polaridad celular en HepG2
Para reducir la polaridad en células HepG2 se utilizaron diversas estrategias; además de silen-
ciar la expresión de Cdc42, se trataron las células con PMA (100nM) durante 2 horas o con 
PS-aPKC  (40 g/mL) durante 18 horas. El grado de polaridad en células HepG2 se aumentó 
mediante el tratamiento con dcAMP (100 M) durante 2 horas.
 Para realizar el análisis morfológico y cuantificación del número de canalículos biliares (BC), 
las células HepG2 o hepatocitos primarios fueron teñidas para F-actina y CD59.
2.9. Ensayos de adhesión
Células HepG2 tratadas o no con siRNA especificos y crecidas sobre placas de cultivo M24 
(2.5x105/pocillo) durante 48 horas fueron co-cultivadas durante 30 minutos con linfocitos 
periféricos (PBLs) que habían sido previamente marcados con una sonda fluorescente ver-
de, calcein-AM 0,5 M, durante 30 minutos. Las HepG2 que habían sido sometidas a trata-
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mientos se lavaron extensivamente antes de añandir los linfocitos (3-4x105/pocillo). Tras la 
incubación con los PBLs, las células HepG2 fueron lavadas tres veces con medio de cultivo y 
una última con PBS completo. La intensidad de fluorescencia se midió en un lector de placas 
(FLUOstar OPTIMA, BMG Labtech) provisto de los filtros para la emisión de 480 nm. Alter-
nativamente los ensayos de adhesión se realizaron también usando un microscopio confocal 
para contar los PBLs teñidos con calceína o CMTMR y adheridos a células HepG2.
2.10. Inmunohistoquímica
Secciones de tejido de 4 m de grosor fijadas con formalina y embebidas en parafina fueron 
desparafinadas en xileno y rehidratadas en una batería de soluciones de alcohol de porcen-
taje decreciente. Tras a inhibir la peroxidasa endógena (peróxido de hidrógeno al 3% (v/v) 
durante 10 minutos) y desenmascarar los epítopos (hirviendo en tampón citrato 10mM, pH 
6 durante 10-15 minutos), se bloquearon las muestras con suero (de la especie animal del 
anticuerpo secundario)  al 2.5% en PBS durante 30 minutos. Posteriormente las muestras se 
incubaron con el anticuerpo primario durante una hora a temperatura ambiente en una cá-
mara húmeda y seguidamente se lavaron con PBS y se incubaron con el anticuerpo secunda-
rio biotinilado correspondiente durante 30 minutos. Tras volver a lavar se incubó el complejo 
estreptavidina-biotina-peroxidasa (VECTASTAIN ABC Reagent, Vector Laboratories) durante 
otros 30 minutos y finalmente las proteínas marcadas se visualizaron utilizando DAB (Dako). 
Para la contratación se utilizó hematoxilina de Mayer. En cada experimento se llevó a cabo 
un control negativo para asegurar la especificidad de los anticuerpos incubando las muestras 
únicamente con el anticuerpo secundario. En este caso no se detectó tinción alguna.
2.11. Inmunofluorescencia y microscopía confocal
Las células se crecieron sobre cubreobjetos en placas de pocillos de fondo plano (Costar Corp., 
Cambridge, MA) y se fijaron utilizando distintos protocolos en función de los requerimientos 
del anticuerpo primario usado en la IF. Se emplearon 3 tipos de fijaciones:
• Formalina: Las células se incubaron en una disolución de formalina (Formaldehído 
al 37%; Sigma-Aldrich) al 10% (v/v) en PBS durante 20 minutos a temperatura ambiente. El 
exceso de formaldehído se bloqueó incubando 10 minutos con una solución 10 mM de glicina 
en PBS. Las células fijadas se permeabilizaron posteriormente con Tritón X-100, al 0,2% (v/v) 
en PBS. 
• Metanol: Las células se incubaron durante 2 minutos en metanol puro (MERCK) a 
-20ºC.
• Ácido tricloroacético (TCA): Las células se incubaron con TCA durante 10 minutos a 
4ºC y  posteriormente  se permeabilizaron con Tritón X-100, al 0,2% (v/v) en PBS.
Tras la fijación, las células se incubaron en una solución de bloqueo de PBS 3%BSA durante 15 
minutos a temperatura ambiente. A continuación, se incubaron los cubres con los anticuer-
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pos primarios y secundarios apropiados en la misma solución de bloqueo a distintos tiempos 
y diferentes diluciones según el anticuerpo utilizado. Finalmente se prepararon las muestras 
con el medio de montaje Fluoromont. Los controles para asegurar la especificidad de la in-
munofluorescencia se realizaron incubando las células solamente con el primer anticuerpo o 
bien omitiendo el mismo e incubando únicamente con el secundario. 
Las preparaciones se analizaron en un microscopio confocal LSM 510 acoplado a un mi-
croscopio invertido de Zeiss modelo Axiovert 2000. Todas las imágenes obtenidas fueron 
procesadas empleando los programas LSM 5 Image Browser, Adobe Photoshop 7.0,  Adobe 
Illustrator 10 y cuantificadas con el programa FIJI.
El Índice Basolateral (Basolateral Index) de las distintas proteínas se calculó midiendo el ratio 
entre la intensidad de fluorescencia en áreas basolaterales y en zonas canaliculares y norma-
lizando frente al ratio obtenido para F-actina. Se cuantificó una media de 40 células polariza-
das por experiemento.
2.12. Ensayos de entrecruzamiento (crosslinking) y análisis de 
colocalización subcelular.
Células HepG2 crecidas sobre cubreobjetos fueron incubadas con anti-ICAM-1 monoclonal 
(0,5 g/ml) durante 30 minutos a 4ºC.  Posteriormente las células se lavaron 3 veces con 
medio y el crosslinking se llevó a cabo añadiendo el anticuerpo secundario Alexa-633 (1mg/
ml) durante 45 minutos a 37ºC (Ilustración 7). Finalmente las células se volvieron a lavar, se 
fijaron y se procedió a marcar las proteínas de interés por inmunofluorescencia.
ICAM-1
Hepatocyte
Primary 
antibody
Secondary
antibody
Alexa
633
Ilustración 7. Esquema ilustrativo del en-
trecruzamiento (crosslinking) de ICAM-1. 
El anticuerpo primario específico contra el 
receptor ICAM-1 es a su vez reconocido 
por un anticuerpo secundario fluorescente, 
causando el agrupamiento de ICAM-1 
en acúmulos en la membrana plasmática 
hepatocitaria.
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Para cuantificar la colocalización de los acúmulos de ICAM-1 con las proteínas de interés se 
tomaron 10 imágenes confocales por cubre en tres experimentos diferentes. Se cuantificaron 
entre 2 y 4 células por imagen. Se utilizó el programa FIJI (National Institutes of Health, Be-
thesda, MA) para hallar el coeficiente de colocalización de Manders en áreas que presentasen 
acúmulos de ICAM-1 una vez restado el fondo.
2.13. Ensayos de biotinilación
Se aplicaron distintos tratamientos sobre células HepG2 para modular su polaridad y acto 
seguido se lavaron con PBS Ca++/Mg++ y se incubaron durante 20 minutos con sulfo-NHS-
biotina (250g/ml). Las células se volvieron a lavar y la biotina no unida se bloqueó mediante 
la incubación con DMEM al 10% (v/v) de suero. La lisis de las células marcadas con biotina 
se realizó con Tx100 al 1% en TNE (20 mM Tris-HCL pH 8.0, 150mM NaCl, 2mM EDTA) 
más PMSF 0,1mM,  inhibidores de proteasas (Leupeptina, Pepstatina y Aprotinina 1ug/
mL),  e inhibidores de fosfatasas (B-glicerolfosfato 10mM, NaF 5mM, NaVO4 10mM, calicu-
lina 0,3ng/ul), y posteriormente se realizó un pull-down incubando los lisados una hora con 
neutravidina-agarosa. Todo el procedimiento se realizó a 4ºC. Finalmente la resina se lavó 
con tampón de lisis y las proteínas unidas se eluyeron añadiendo tampón de carga Laemmli, 
centrifugando 5 minutos a 12000 rpm e hirviendo las muestras. Las proteínas se separaron 
por SDS-PAGE y se detectaron con anticuerpos específicos.
2.14. Ensayos de asociación de proteínas por pull-down
Las construcciones GST-ICAM-1-tail y GST-ICAM-1 K>L fueron generadas en el laboratorio 
de la Dra. Anne Ridley (Kings College, London, U.K.).
Para purificar las proteínas de fusión se indujo su expresión con IPTG en bacterias Escherichia 
coli previamente transformadas con las construcciones antes mencionadas, que se encuen-
tran bajo el control del promotor lac. Posteriormente las bacterias se lisaron, se solubilizó la 
proteína de fusión por centrifugación y se unió a la resina glutathione-sepharose. La cantidad 
de proteína de fusión purificada se cuantificó a través de un gel de poliacrilamida extrapolan-
do el valor a una curva de diluciones de BSA de concentración conocida (ver resultados, Fig. 
19).
Después, células HepG2 fueron lisadas en tampón de lisis (20 mM Tris-HCL pH 8.0, 150mM 
NaCl, 1% NP-40, 10% glicerol, inhibidores de proteasas 1ug/mL, 0,1mM PMSF, B-glicerol-
fosfato 10mM, NaF 5mM, NaVO4 10mM) enfriado en hielo y los lisados aclarados por cen-
trifugación para separar el sobrenadante postnuclear (PNS). Se utilizó una centésima parte 
de este sobrenadante para detectar la proteína soluble y el resto del volumen se incubó con 
30-50 ug de proteínas recombinantes GST-ICAM-1tail o GST-ICAM-1 K>L conjugadas a 30 ul 
de la resina glutatión-sepharosa durante una hora a 4ºC. Posteriormente la resina se lavó a 
con tampón de lisis y las proteínas unidas se eluyeron añadiendo tampón de carga Laemmli, 
centrifugando 5 minutos a 12000 rpm e hirviendo las muestras. Las proteínas se separaron 
por SDS-PAGE y se detectaron con anticuerpos específicos.
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2.15. Microscopía time-lapse ó Microscopía de células vivas.
2.15.1.	Ensayos	de	fotoactivación
Durante las últimas décadas los avances generados en el campo de la microscopía de fluo-
rescencia han permitido a los biólogos celulares estudiar en profundidad el funcionamiento 
interno de células y tejidos. El clonaje de GFP (Green Fluorescent Protein) hace casi 20 años 
(Chalfie et al., 1994) revolucionó el campo de la biología celular permitiendo la visualiza-
ción de una amplia variedad de mecanismos moleculares en células vivas. La utilización de 
proteínas fluorescentes fusionadas a la proteína de interés permite visualizar la localización 
subcelular de la molécula, mientras que su filmación por técnicas de videomicroscopía per-
mite observar el movimiento de la estructura o del orgánulo dónde dicha proteína se locali-
za (Muzzey and van Oudenaarden, 2009).  Sin embargo, para estudiar de manera precisa la 
dinámica molecular de proteínas a nivel celular se necesita marcar de forma exclusiva una 
subpoblación de moléculas en un área específica. La utilización de proteínas fotoactivables 
no sólo permite alcanzar estos objetivos, sino que además presenta amplias ventajas frente a 
otras técnicas comúnmente utilizadas para el análisis de la dinámaica molecular de proteínas 
como el FRAP (Fluorescence Recovery After Photobleaching) (Snapp et al., 2003) El marcaje 
de una población de moléculas a través de la fotoactivación mejora la señal óptica obtenida y 
evita además que las moléculas de nueva síntesis interfieran con los resultados, ya que éstas 
no son inicialmente fluorescentes como ocurre en el FRAP (Lippincott-Schwartz et al., 2003).
En concreto en este trabajo hemos utilizado la proteína GFP fotoactivable (paGFP) fusionada 
al extremo c-terminal del receptor ICAM-1 para estudiar su dinámica en células HepG2. El 
mutante paGFP resulta de la sustitución de un residuo de treonina en la posición 203 de la 
molécula de GFP por histidina (T203H) (Patterson and Lippincott-Schwartz, 2002). La acti-
vación de la molécula con un haz de luz ultravioleta (400 nm) provoca el cambio irreversible 
desde su forma neutra, no fluorescente bajo iluminación  de 488 nm, a la forma aniónica que 
emite brillantemente a esta longitud de onda (Ilustración 8). La luz ultravioleta induce la 
descarboxilación de un residuo de glutámico (Glu222) que, junto con la sustitución de T203 
por histidina, es responsable de un cambio en el estado de protonación del cromóforo que 
resulta en un incremento de 100 veces en la intensidad de fluorescencia observada bajo la 
excitación de luz de 488 nm respecto a su forma nativa (Henderson et al., 2009). Por todo 
ello, la fotoactivación resulta una técnica  idónea para el análisis de la dinámica de proteínas a 
nivel subcelular en el tiempo y el espacio.
En los expreimentos de fotoactivación desarrollados durante este trabajo, aproximadamente 
2.5x105 HepG2 expresando establemente paICAM-1-GFP se sembraron en placas p35 pro-
vistas de un cubre de cristal (MatTek, Ashland, MA, U.S.A.) y se crecieron durante 2 días. Para 
la filmación las células se incubaron con medio libre de rojo fenol HBSS (Hank’s Balanced Salt 
Solution) al 0,5%  (v/v)  de suero y HEPES 20mM. La grabación se realizó con un objetivo de 
inmersión en agua 63x (Plan Apochromat; NA 1) en un microscopio invertido (AxioObser-
ver) equipado con un sistema de escaneo confocal (LSM10; Zeiss) y provisto de una cámara 
cerrada con temperatura constante (37ºC). Para fotoactivar la proteína paICAM-1-GFP en el 
área de interés se utilizó un láser de longitud de onda de 405-nm.
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Para los vídeos cortos (hasta 10 minutos de duración total), la fotoactivación se realizó usan-
do un único pulso de luz láser a una potencia del 40%, seguido de la adquisición de imágenes 
confocales cada 3 segundos.
Para los vídeos largos (hasta 120 minutos), la fotoactivación en los dominios basolateral o 
apical se realizó utilizando varios pulsos de luz láser a una potencia del 40% o un único pulso 
a una potencia del 20% respectivamente, seguido de la toma de 2-3 imágenes a máxima velo-
cidad para después adquirir las imágenes cada 10 minutos durante 1-2 horas.
En cualquier caso se adquirieron dos imágenes antes de la fotoactivación para poder restar el 
valor medio de su intensidad de fluorescencia como fondo al resto de las imágenes obtenidas 
después de la fotoactivación. El análisis de imagen se realizó con los programas ZEN (2010) 
y FIJI y se normalizó el valor de intensidad de fluorescencia de cada imagen a la intensidad 
obtenida en la primera imagen grabada después de la fotoactivación.
2.15.2.	Vídeo-microscopía	de	las	interacciones	entre	linfocitos	T	y	células	HepG2
1.5x105 HepG2 expresando establemente ICAM-1-GFP fueron sembradas en placas p35 pro-
vistas de un cubre de cristal. 48 horas después las células fueron tratadas durante 2 horas 
con PMA, lavadas extensivamente e incubadas con medio libre de rojo fenol HBSS (Hank’s 
Balanced Salt Solution) al 0,5%  (v/v)  de suero y HEPES 20mM. Acto seguido se añadieron 
5x105 PBLs teñidos con la sonda CMTMR por placa. Para la grabación se utilizó un objetivo 
Ilustración 8. Mecanismo de fotoactivación de la proteína paGFP. 
La activación por luz ultravioleta (UV) de la molécula de paGFP en su estado nativo provoca la descarboxilación del 
residuo Glu222 y un desplazamiento en el equilibrio del cromóforo hacia la forma aniónica. Mientras que la forma neutra 
de la molécula no emite fluorescencia al ser excitada con luz de una longitud de onda de 488 nm, lo cual se debe a la 
sustitución del residuo de treonina 203 por histidina, la conformación fotoactivada presenta un incremento de 100 veces 
en la intensidad de fluorescencia emitida respecto a la forma nativa. Adaptado de Henderson et al, J. Am. Chem. Soc. 
2009.
66
MATERIALES Y MÉTODOS
de inmersión en aceite 63x (Plan Apochromat; NA 1.4) en un microscopio invertido AF6000 
LX (LEICA) provisto de una cámara cerrada con temperatura y humedad constantes (37ºC y 
5% CO2). Las células fueron grabadas durante al menos una hora a intervalos de 1 minuto. 
Posteriormente, los videos fueron procesados utilizando el software FIJI.
2.16. Microscopía electrónica de barrido
Las células crecidas sobre cubreobjetos y sometidas o no al tratamiento con PMA se fijaron 
en una solución de glutaraldehído al 2% y paraformaldehído al 4% en tampón fosfato 0.1M 
pH 7.4 durante 2 horas a temperatura ambiente. Después de lavar extensivamente, las mues-
tras fueron post-fijadas con tetraóxido de osmio al 1% durante 60 minutos a 4ºC, se lavaron 
con agua y se deshidrataron en una batería de alcoholes de graduación ascendiente (de 50 
a 100%). Las células deshidratadas se secaron a punto crítico (Balzers Union, Balzers, Lie-
chenstein) y se recubrieron con 7 nm de oro usando un Hummer X23 sputter coater (Anatech 
Ltd., Springfield, VA). Las muestras se analizaron con un microscopio electrónico de barrido 
con emisión de campo operando a 10 kV (JSM-6335-F, JEOL, Japan). Las imágenes fueron 
obtenidas con una cámara digital CCD.
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1. LA POLARIDAD HEPATOCELULAR REGULA LA 
ADHESIÓN LINFOCITARIA A TRAVÉS DEL RECEPTOR 
DE ADHESIÓN ICAM-1
La pérdida patológica de polaridad en el parénquima hepático se correlaciona con un aumen-
to en la infiltración de leucocitos en el tejido (Shousha et al., 2004) (Shetty et al., 2008). Esto 
nos ha llevado a preguntarnos si la polaridad apicobasal de los hepatocitos regula la  interac-
ción entre las células del sistema inmune y las células hepáticas. 
Para el estudio de la polaridad hepatocelular en humanos se pueden utilizar diversos modelos 
in vitro de cultivos celulares (Zegers and Hoekstra, 1998) (Decaens et al., 2008). La extrac-
ción de hepatocitos primarios provoca la pérdida de su polaridad apicobasal, pero su cultivo 
entre dos capas de matriz extracelular (colágeno) consigue que vuelvan a adquirir un fenotipo 
polarizado en algunos días. Sin embargo, este modelo presenta las desventajas propias del 
trabajo con células primarias, ya que permite su utilización durante cortos períodos de tiem-
po y existe variabilidad entre células de diferentes individuos. La utilización de matriz extra-
celular además, añade mayor dificultad para discriminar entre los fenómenos de adhesión 
célula-célula y la adhesión célula-sustrato durante ensayos de adhesión. Para el estudio de la 
polaridad apicobasal hepática resulta frecuente el empleo de líneas celulares inmortalizadas 
que expongan un fenotipo polarizado similar al que ocurre en las células primarias en am-
bientes tridimensionales. Durante este trabajo se ha utilizado principalmente como modelo 
las células HepG2, una línea celular de hepatoma altamente diferenciada que conserva pro-
piedades básicas de polarización de hepatocitos primarios sin necesidad de crecer en matrices 
tridimensionales, constituyendo así un modelo ampliamente aceptado para la investigación 
de la polaridad hepatocelular (de Marco et al., 2002) (Madrid et al., 2010) (van et al., 1997).
1.1. La pérdida de polaridad apicobasal aumenta la adhesión de  
linfocitos a células HepG2
Las células HepG2 crecen formando colonias tridimensionales con lúmenes esféricos o tubu-
lares entre dos o más células que se encuentran sellados por uniones estrechas y se asemejan 
a los conductos biliares que existen entre los hepatocitos in vivo. Dependiendo del número 
de pases, entre un 40 y un 60% de células presentan una morfología polarizada. Como se ha 
mencionado, la Rho GTPasa Cdc42 resulta clave para la regulación de la polaridad celular ya 
que controla el tráfico vesicular polarizado, las uniones intercelulares y rutas de señalización 
encargadas de mantener un fenotipo polarizado (Madrid et al., 2010; Martin-Belmonte et al., 
2007; Martin-Belmonte and Perez-Moreno, 2012). Como primera estrategia para alterar la 
polaridad, silenciamos Cdc42 con dos siRNAs distintos que redujeron significativamente  la 
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expresión de la proteína en comparación con células transfectadas con un siRNA control (Fig. 
1a). Para analizar la polaridad apicobasal en HepG2 se cuantificó el número de canalículos bi-
liares por célula por por inmunofluorescencia mediante un doble marcaje con actina filamen-
tosa (F-actina) y la proteína CD59, que se encuentra anclada a un grupo glicofosfatidilinositol 
(GPI) y se acumula en la membrana apical vía transcitosis (de Marco et al., 2002) (Fig. 1b). El 
número de canalículos biliares en células HepG2 con niveles reducidos de Cdc42 fue el 52% y 
53%, conrespecto al número de lúmenes en células transfectadas con un siRNA control (Fig. 
1b),de acuerdo con resultados previos (Madrid et al., 2010).
Para analizar el efecto de la pérdida de polaridad hepática sobre la adhesión de células del 
sistema inmunitario utilizamos linfocitos T provenientes de sangre humana  previamente di-
ferenciados a células memoria con alta capacidad adhesiva y migratoria (Millan et al., 2006a). 
Además de inducir pérdida de polaridad hepática, la interferencia de la expresión deCdc42 
con los dos siRNA aumentó la adhesión de linfocitos T primarios a las células HepG2 un 
35% y 27%, respectivamente (Fig. 1c, d). La inhibición de aPKC con un pseudosubstrato (PS-
aPKC) suprime la morfogénesis de lúmenes apicales en células epiteliales caninas cultivadas 
en tres dimensiones (Martin-Belmonte et al., 2007). De manera similar al silenciamiento de 
Cdc42, incubación con PS-aPKC en células HepG2 redujo el número de canalículos biliares al-
Figura 1. El silenciamiento génico de Cdc42 reduce la polaridad apicobasal y aumenta la adhesión linfocitaria de 
las células HepG2.
Las células HepG2 se transfectaron con un siRNA control (control) y dos siRNAs específicos para Cdc42 (siCdc42) 
durante 24 h y a continuación se sembraron en placas durante 48 h para formar colonias de células polarizadas. (a) 
Inmunodetección por western blot de Cdc42 y ERK y cuantificación de los niveles de expresión de Cdc42 en las células 
transfectadas con los siRNA indicados, expresada en unidades arbitrarias (A.U.). La inmunodetección de ERK fue usada 
como control de carga. (b) Paneles izquierdos. Identificación de los canalículos biliares (asteriscos) por inmunofluores-
cencia de colonias de HepG2 fijadas y teñidas para F-actina con faloidina-TRITC y para CD59 con un anticuerpo espe-
cífico. Gráfico derecho. Cuantificación relativa del número de canalículos biliares (BC) en células transfectadas con los 
siRNA indicados. (c) Células HepG2 transfectadas con siRNA fueron incubadas con linfocitos T marcados con calceína 
durante 20-30 minutos. Tras varios lavados, las células se fijaron y se tiñeron para F-actina para visualizar las HepG2 y 
los linfocitos T adheridos. La fluorescencia de la calceina permitió identificar los linfocitos T (T-cell) (líneas discontinuas, 
paneles izquierdos). La adhesión linfocitaria se cuantificó midiendo la intensidad de fluorescencia de la calceína en un 
lector de placas (gráfico derecho). Barras, 10 μm. Las barras de error muestran el promedio + error estándar del prome-
dio (SEM) de al menos tres experimentos distintos; * p<0.05; **p<0.005.
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rededor de un 50%. Tras lavados reiterados del inhibidor, las células tratadas incrementaron 
la adhesión de células T un 62% (Fig. 2a, b). Estos resultados en su conjunto indican por tanto 
que la inhibición de la ruta de señalización controlada por Cdc42-PAR reduce la polaridad 
apicobasal e induce la adhesión de linfocitos T a las células HepG2.
Para descartar una posible función de la ruta mediada por aPKC y cdc42, no relacionada con 
la polaridad apicobasal, en la interacción entre células hepáticas y leucocitos, utilizamos es-
trategias alternativas para modular la polaridad hepatocelular. Como ya se ha descrito en la 
introducción, la activación de las isoformas clásicas de PKC con ésteres de forbol como el PMA 
reduce la polarización de células HepG2, mientras que los análogos del cAMP promueven la 
formación de canalículos biliares activando PKA o EPAC (Fu et al., 2011) (Zegers and Hoeks-
tra, 1997). La incubación de células HepG2 con PMA durante 120 min disminuyó el número 
de canalículos biliares un 70%, mientras que la adhesión de linfocitos T a células tratadas y 
posteriormente lavadas intensivamente para eliminar el PMA, aumentó un 71% con respecto 
al control (Fig. 3a,b). De manera opuesta, la incubación con DcAMP supuso un aumento en 
el número de canalículos del 23% y una disminución del 22% en la adhesión de células T (Fig. 
3a-c). Debido a que las rutas de señalización implicadas en el establecimiento de la polaridad 
pueden regular la respuesta inflamatoria (Mashukova et al., 2011) e inducir la expresión de 
receptores de adhesión para los leucocitos (Delpino et al., 2010), decidimos realizar los ensa-
yos en presencia de la droga cicloheximida para inhibir la síntesis proteica. La cicloheximida 
no provocó alteración del efecto del PMA sobre la adhesión linfocitaria a las células HepG2 
(Fig. 3b, c), por lo que el aumento en la adhesión de células T observado en respuesta a la 
pérdida de polaridad inducida por PMA no se debe a la nueva síntesis de receptores hepáticos 
involucrados en la interacción entre leucocitos y hepatocitos.
En resumen y como primera conclusión, utilizando cuatro estrategias diferentes para modu-
lar la polaridad de células HepG2, hemos demostrado que existe una relación inversa entre la 
polaridad de estas células hepáticas y su habilidad para interaccionar con linfocitos T.
Figura 2. La inhibición de aPKC reduce la polaridad apicobasal y aumenta la adhesión linfocitaria de las células 
HepG2. 
(a) Imágenes de microscopía confocal de colonias de células HepG2, teñidas para F-actina y CD59, sin tratar (Control) 
o tratadas con un pseudosustrato de aPKC (PS-aPKC) a 40 μg/ml durante 18 h. Los asteriscos indican estructuras 
canaliculares. (b) Cuantificación relativa del número de canalículos biliares (BC) (gráfico izquierdo) y de la adhesión de 
linfocitos T (gráfico derecho) en células control o tratadas con PS-aPKC. Barras, 10 μm. Las barras de error muestran el 
promedio + SEM de al menos tres experimentos distintos; * p<0.05.
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Figura 3. Correlación inversa entre la 
polaridad hepatocelular y la adhesión 
de linfocitos T en células HepG2 trata-
das con PMA y dcAMP.
(a) Cuantificación relativa del número de 
canalículos biliares (BC) en células sin 
tratar (Control) y tratadas durante 2 h con 
PMA (100 nM) o con dcAMP (100 μM). 
(b) Cuantificación relativa de la adhesión 
de células T a células HepG2 tratadas 
con los reactivos indicados. La síntesis 
de proteínas se inhibió con CHX a 1 μg/
ml en los puntos indicados. (c) Imágenes 
superiores. Las células HepG2 tratadas 
de la manera señalada fueron teñidas 
para F-actina y CD59 para identificar los 
canalículos biliares. Imágenes inferiores. 
Tras el ensayo de adhesión de linfocitos 
T marcados con calceína (T-cell), las célu-
las fueron fijadas, teñidas para F-actina y 
analizadas por inmunoflorescencia confo-
cal. Barras, 10 μm. Las barras de error 
muestran el promedio + SEM de al menos 
tres experimentos distintos; * p<0.05; 
**p<0.005.
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1.2. ICAM-1 se acumula en el dominio apical de células HepG2 y 
hepatocitos humanos in vitro e in vivo
La migración intersticial de leucocitos a través del parénquima implica el desplazamiento de 
las células inmunes a través de interacciones de sus integrinas con el estroma y con las células 
parenquimales, que termina a menudo en la adhesión firme del leucocito sobre una célula dia-
na constituyendo el destino final del trayecto migratorio (Friedl and Weigelin, 2008). Algunos 
resultados previos sugieren que la adhesión de leucocitos al parénquima hepático puede estar 
mediada por la interacción de integrinas β2  leucocitarias con el receptor hepático ICAM-1 
(Meijne et al., 1994) (Nagendra et al., 1997), aunque el estudio de esta interacción en el tejido 
hepático está mucho menos caracterizada en comparación con otros procesos celulares, como 
el de adhesión y transmigración de los linfocitos a través del endotelio (Fernandez-Borja et 
al., 2010) (Reglero-Real et al., 2012). 
Para abordar el estudio de la posible función de ICAM-1 en la interacción leucocito-hepatocito 
durante la pérdida de polaridad, procedimos en primer lugar a analizar la distribución de este 
receptor en células HepG2 polarizadas en cultivos en dos dimensiones (2D) (Fig. 4a) y en tres 
dimensiones (3D) (Fig. 4b). Mediante ensayos de inmunofluorescencia y microscopía confo-
cal observamos que el receptor endógeno se acumula de forma mayoritaria en el dominio 
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canalicular de dichas células y colocaliza con F-actina (Fig. 4a). De manera parecida, células 
HepG2 polarizadas expresando de forma estable ICAM-1 conjugado desde su extremo cito-
plásmico con GFP (ICAM-1-GFP), acumularon también la proteína exógena en los canalí-
culos biliares, que tras cinco días de incubación en una matriz tridimensional generada con 
un sándwich de colágeno aparecieron elongados y tubulares, con una morfología similar a 
la observada en el hígado (Fig. 4b). Para comprobar si la distribución polarizada es exclusi-
va de ICAM-1, analizamos la distribución de otros receptores de adhesión pertenecientes a 
Figura 4. ICAM-1 se localiza en el canalículo biliar de células HepG2
(a) Las células HepG2 se cultivaron durante 72 h, se fijaron y se tiñeron para ICAM-1 con un anticuerpo específico y para 
F-actina con faloidina-TRITC. El gráfico en la esquina inferior derecha muestra el perfil de intensidad de fluorescencia de 
la flecha blanca marcada en la imagen. (b) Se cultivaron células HepG2 expresando de forma estable ICAM-1-GFP en 
sándwiches de colágeno durante 5 días, se fijaron y se marcaron como en (a). El gráfico inferior derecho muestra el perfil 
de intensidad de fluorescencia de la flecha blanca en la imagen. Barras, 10 μm.
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Figura 5. ALCAM no se encuentra polarizado en la membrana apical de células HepG2.
Las células HepG2 se cultivaron durante 72 h, se fijaron y se tiñeron para ALCAM con un anticuerpo específico y para 
F-actina con faloidina-TRITC. Barras, 10 μm.
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la superfamilia de las inmunoglobulinas en nuestro modelo. De acuerdo con resultados pre-
vios en hepatocitos primarios murinos (Bumgardner et al., 1998), no se observó expresión 
de VCAM-1 (Vascular cell adhesión molecule-1) en células HepG2. Sin embargo observamos 
que ALCAM (Activated leukocyte adhesión molecule), un receptor que también participa en 
la adhesión leucocitaria y que se expresa en epitelios y en el endotelio vascular (Cayrol et al., 
2008), así como en muchos tipos de tumores, se distribuía por la membrana basolateral y 
quedaba excluido del dominio apical de las células HepG2 (Fig. 5).  Para corroborar la locali-
zación de ICAM-1 observada en la línea celular hepática, analizamos también su distribución 
en hepatocitos primarios humanos polarizados en 3D con sándwich de colágeno a distintos 
tiempos, comprobando que el receptor exhibía una distribución similar a la de otros marca-
dores canaliculares como F-actina, las proteínas ERM fosforiladas, el transportador Mrp2 y 
Radixina (Fig. 6a, b) (Kikuchi et al., 2002). Cabe mencionar que también se detectó tinción 
de ICAM-1 en la membrana basolateral de hepatocitos polarizados (Fig. 6a, b), aunque la in-
tensidad de esta señal resultó ser mucho menor que la acumulada en el dominio apical.  Por 
último, la tinción de muestras de tejido hepático humano provenientes de controles sanos 
reveló una distribución del receptor en algunas zonas del tejido compatible con una locali-
zación canalicular (Fig. 6c), lo que está de acuerdo con referencias previas que indican que, a 
pesar de que la expresión de ICAM-1 se incrementa en el parénquima hepático en un contex-
to inflamatorio, dicho receptor también se expresa en ausencia de inflamación en hepatocitos 
humanos (de Fougerolles et al., 1991). Nuestros datos sugieren que in vitro e in vivo,  ICAM-
1 se encuentra confinado al dominio canalicular de células parenquimales hepáticas, sin per-
juicio de que exista también una fracción minoritaria del receptor en la región basolateral.
Figura 6. ICAM-1 se encuentra confinado en el canalículo biliar de hepatocitos humanos.
(a) Se cultivaron hepatocitos humanos en sándwiches de colágeno durante 72 h, se fijaron y se marcaron para ICAM-1 y 
F-actin. El gráfico muestra el perfil de intensidad de la flecha blanca en la imagen. (b) Se cultivaron hepatocitos humanos 
durante 6 días en sándwiches de colágeno, se fijaron y se tiñeron para ICAM-1, radixina, Mrp-2 o ERM fosforiladas 
(p-ERM). Barras, 10 μm. (c) Muestra de tejido hepático procedente de un donante sano que fue desparafinada y teñida 
para ICAM-1. Barras, 50 μm.
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1.3. La exposición de ICAM-1 apical a células inmunes aumenta en 
respuesta a la pérdida de polaridad hepatocelular
En el parénquima hepático los leucocitos infiltrados establecen contactos preferentemente 
con la membrana basolateral de de los hepatocitos, que se encuentra expuesta al espacio de 
Disse y a los sinusoides (Warren et al., 2006). Puesto que la localización de ICAM-1 en este 
dominio es mínima en hepatocitos polarizados, quisimos investigar si este receptor aparece 
expuesto al espacio extracelular y media por tanto el aumento en la adhesión linfocitaria en 
respuesta a la pérdida de polaridad apicobasal.
Para abordar esta posibilidad hicimos uso de la estrategia anteriormente utilizada para des-
polarizar los hepatocitos mediante su incubación con PMA y cicloheximida, un coctel que 
induce pérdida de polaridad y evita la síntesis de nuevas moléculas de adhesión que puedan 
contribuir a un aumento de la unión linfocitaria. En paralelo a la desintegración de los cana-
lículos biliares, el proceso de despolarización provocó la dispersión de ICAM-1 y su aparición 
en dominios discretos distribuidos por toda la superficie celular (Fig. 7a y vídeo 1). Estos 
dominios estaban enriquecidos en F-actina y recordaban a los microvilli en los que ICAM-1 se 
concentra en células endoteliales inflamadas (Fig. 7a, ampliación) (Millan et al., 2006a) (Oh 
et al., 2007). La fosforilación de un residuo específico de treonina en el dominio C-terminal 
de las proteínas ERM es necesaria para promover su conformación activa, abierta, que conec-
ta proteínas de membrana a la F-actina subcortical. Las células HepG2 polarizadas acumulan 
las proteínas ERM fosforiladas y por tanto activas en el dominio apical (Fig. 7b), al igual que 
ocurre en hepatocitos primarios humanos (Fig.6b) (Kikuchi et al., 2002). Tras el estímulo 
despolarizante las proteínas ERM activas se relocalizaron en dominios discretos en la mem-
brana plasmática siguiendo un patrón de distribución muy parecido al de ICAM-1 (Fig 7b). A 
continuación analizamos el proceso de pérdida de polaridad por microscopía electrónica de 
barrido. Aunque las células con una aparente organización polarizada presentaban abundan-
tes microvilli cortos, en respuesta al tratamiento despolarizante se detectó la aparición de 
filamentos más largos en la superficie celular que podrían corresponder a los microvilli con 
distribución canalicular previa (Fig. 7c).
Con el fin de analizar de manera cuantitativa la cantidad de ICAM-1 que resulta expuesta al 
espacio extracelular en respuesta a la pérdida de polaridad hepatocelular, realizamos ensayos 
de marcaje de proteínas de superficie con sulfo-NHS-biotina. Las células control y despolari-
zadas se marcaron en frío con este reactivo, que al ser impermeable a la membrana plasmáti-
ca únicamente reconoce el ICAM-1 expuesto en la membrana basolateral sin llegar a alcanzar 
el canalículo biliar. Acto seguido se aisló el ICAM-1 biotinilado mediante un pull-down con 
neutravidina, el ligando de la biotina, conjugada a agarosa. A pesar de que en condiciones 
control sólo la mitad de las células presentan un fenotipo polarizado, la ratio entre la proteína 
marcada y detectada en la fracción o sedimento del pull down (Exposed) respecto a la proteí-
na en el extracto total aumentó para ICAM-1 y p-ERM en aquellas células sometidas a un estí-
mulo despolarizante, lo que sugiere que ICAM-1 es más accesible desde el espacio extracelular 
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cuando las células hepáticas pierden la polaridad. Hay que destacar que el PMA produjo a 
menudo una disminución de los niveles de proteínas ERM fosforiladas, debido probablemen-
te a la desorganización de la estructura canalicular. Aun así, las proteínas ERM activas fueron 
detectadas de forma significativa en el sedimento biotinilado durante la despolarización, lo 
que indica que estas proteínas se asocian desde la cara citoplásmica de la membrana a proteí-
nas de superficie que incrementan su nivel de biotinilación (Fig.7d, e). Los ensayos de bioti-
nilación repetidos con estrategias de despolarización alternativas como el silenciamiento de 
Cdc42 o la inhibición de aPKC dieron también como resultado un incremento significativo  de 
la cantidad de receptor biotinilado en las células despolarizadas (Fig 8a-d).
Figura 7. El receptor ICAM-1 y las proteínas ERM canaliculares se exponen a las células inmunes en respuesta a 
la pérdida de polaridad. 
Las células HepG2 se cultivaron durante 72 h y se despolarizaron con PMA 100 nM en la presencia de CHX durante los 
tiempos indicados. (a, b) Las células se fijaron y tiñeron para F-actina e ICAM-1 (a) o para p-ERM (b). (c) Las células 
HepG2 sometidas o no al tratamiento despolarizante, se fijaron y se sometieron a los tratamientos necesarios para el 
análisis por microscopía electrónica de barrido. Las células despolarizadas muestran en su superficie largos filamentos 
que se asemejan a microvilli (ampliación). (d) Células HepG2 despolarizadas a distintos tiempos se marcaron con sulfo-
NHS-biotina y se lisaron. Las proteínas expuestas y por tanto biotiniladas (Exposed) se aislaron mediante un ensayo 
de pull-down con neutravidina-agarosa. (e) El ratio de las proteínas expuestas al espacio extracelular frente al total 
de proteína se expresó como porcentaje del ratio de las células control sin tratar. Nótese que tras el incremento de los 
niveles de receptor biotinilado entre 0.5 y 2 h (d,e), los niveles totales y/o de superficie de las tres proteínas señaladas 
disminuyeron a 4 h por la internalización y degradación constitutiva de proteínas en células cuya síntesis proteica es 
inhibida con CHX. (d). Barras, 10 μm. Las barras de error muestran el promedio + SEM de al menos tres experimentos 
distintos; * p<0.05.
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En conjunto nuestros datos indican que la pérdida de polaridad hepatocelular provoca que los 
microvilli canaliculares, enriquecidos en F-actina, pERM e ICAM-1, aparezcan expuestos al 
espacio extracelular.
1.4. ICAM-1 media la adhesión de linfocitos T a células Hep G2 
despolarizadas
Basándonos en estos resultados,  quisimos investigar la contribución de ICAM-1 al incremen-
to de la adhesión de leucocitos producida por la pérdida de polaridad de las células HepG2.
En primer lugar realizamos ensayos de video microscopía co-cultivando linfocitos T teñidos 
con la sonda CMTMR sobre células HepG2 despolarizadas que expresaban establemente 
ICAM-1-GFP.  Unos minutos después del contacto de la célula T con la superficie del hepato-
cito, observamos una redistribución local del receptor en forma de protrusiones alrededor del 
linfocito adherido (Fig. 9, vídeo 2), lo cual es compatible con el posible papel de ICAM-1 en el 
reclutamiento de leucocitos cuando se encuentra expuesto en la membrana de los hepatocitos 
despolarizados. De manera similar, el análisis por microscopía confocal de dicha interacción, 
seguido de la reconstrucción tridimensional de las imágenes, reveló que ICAM-1se acumula 
en estructuras tipo microvilli, ricas en actina, alrededor de los linfocitos adheridos (Fig. 10a, 
b, vídeo 3). Esta reorganización de membrana recuerda a las “estructuras de anclaje” encar-
gadas de mediar la migración transendotelial de leucocitos a través de los vasos sanguíneos 
Figura 8. ICAM-1 se expone al espacio extracelular en respuesta a la inhibición de aPKC o al silenciamiento de 
Cdc42. 
Las células HepG2 fueron despolarizadas mediante silenciamiento de Cdc42 (a) o incubación con PS-aPKC (b) A con-
tinuación se fijaron y se tiñeron para ICAM-1 y F-actina (imágenes a la izquierda), o se marcaron con sulfo-NHS-biotina 
para luego llevar a cabo un pull-down con neutravina-agarosa y un análisis por western blot con los anticuerpos indica-
dos. La ratio entre ICAM-1 biotinilado y total fue posteriormente cuantificado (gráficos a la derecha) Barras, 10 μm. Las 
barras de error muestran el promedio + SEM de al menos tres experimentos distintos; * p<0.05.
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(Barreiro et al., 2002) (Carman and Springer, 2004) (Reglero-Real et al., 2012), sugiriendo un 
paralelismo mecanístico entre el gradiente de adhesión haptotáctico que siguen los leucocitos 
infiltrados en el parénquima hepático y la captura y adhesión de células inmunes a la monoca-
pa endotelial durante las primeras etapas de la extravasación.
Por último, para comprobar si la interacción leucocito-hepatocito se encuentra mediada por 
ICAM-1, se silenció de forma eficiente la expresión del receptor en células HepG2 con dos 
siRNAs diferentes (siICAM-1(1) e siICAM-1(2)) (Fig. 11a). Acto seguido, las células se des-
polarizaron con PMA, se lavaron de forma repetida y se llevaron a cabo ensayos de adhesión 
utilizando linfocitos T. Las células interferidas para ICAM-1 disminuyeron de forma signifi-
cativa su capacidad de adherir de células T, la cual supuso alrededor del 50% del aumento de 
adhesión observado en células despolarizadas (Fig. 11b, Fig. 3b).  El siRNA siICAM-1(2) tiene 
como diana la región 3’ no traducida (3’UTR) del RNA mensajero de ICAM-1 y no afecta, por 
tanto, a la expresión de la proteína exógena ICAM-1-paGFP, cuyo mRNA carece de esta re-
gión. El silenciamiento de ICAM-1 endógeno en células HepG2-ICAM-1-paGFP no interfirió 
la expresión de la proteína exógena (Fig. 11a) y en consecuencia no tuvo efecto alguno sobre 
la adhesión de leucocitos a estas células. Es más, la adhesión de linfocitos T a células que ex-
presan ICAM-1-paGFP aumentó respecto a la de células HepG2 normales transfectadas con 
siControl, probablemente debido a la sobreexpresión de receptor exógeno (Fig. 11b). Estos 
últimos resultados demuestran que la disminución de la adhesión leucocitaria observada al 
silenciar ICAM-1 es consecuencia exclusivamente de la reducción en la expresión del receptor.
En conclusión, los datos obtenidos indican que la adhesión de linfocitos T a células HepG des-
polarizadas está mediada, al menos en parte, por el receptor de adhesión ICAM-1.
Figura 9. ICAM-1-GFP se acumula alrededor de los linfocitos T adheridos a células HepG2 despolarizadas.
Las células HepG2 previamente despolarizadas con PMA y expresando establemente ICAM-1-GFP se incubaron con lin-
focitos T marcados con la sonda roja CMTMR y se analizaron por videomicroscopía. Las flechas indican la acumulación 
de ICAM-1-GFP alrededor de un linfocito T adherido. Barras 10 μm.
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Figura 10. Protrusiones de membrana enriquecidas en ICAM-1 rodean a los linfocitos T adheridos a células 
HepG2 despolarizadas. 
Imágenes de microscopía confocal del ICAM-1 hepático rodeando un linfocito T adherido a células HepG2 previamente 
despolarizadas. (a) Doble tinción para ICAM-1 y F-actina. Las imágenes superiores muestran diferentes cortes en el eje 
z; la imágenes centrales son una ampliación de la zona encuadrada. La imagen inferior muestra una vista ortogonal. 
(b) Reconstrucción 3D de una imagen confocal de ICAM-1 endógeno y células T marcadas con CMTMR (izquierda). 
Proyección de los diferente cortes en un plano en el eje X-Y (arriba, derecha) y plano intermedio ortogonal en el eje X-Z 
(abajo derecha). Barras, 10 μm.
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2. BASES MOLECULARES QUE DETERMINAN LA 
POLARIDAD APICAL DE ICAM-1 EN CÉLULAS 
HEPÁTICAS
2.1. ICAM-1 basolateral se redirige y confina en el canalículo biliar
Con el fin de dilucidar el mecanismo a través del cual se segrega ICAM-1 al dominio canali-
cular decidimos estudiar la dinámica del receptor en células HepG2. En la actualidad uno de 
los métodos más adecuados para monitorizar el movimiento de una población de moléculas 
concreta a nivel subcelular consiste en la utilización de proteínas fotoactivables fusionadas a 
la proteína de interés (Patterson and Lippincott-Schwartz, 2004) (ver materiales y métodos). 
Por ello generamos una construcción de ICAM-1 fusionado por su extremo c-terminal a la 
proteína GFP fotoactivable (ICAM-1-paGFP) (Patterson and Lippincott-Schwartz, 2002). Se 
generaron clones en células HepG2 que expresaban establemente la proteína y se comprobó 
que su distribución era muy similar a la de ICAM-1 endógeno e ICAM-1-GFP, acumulándose 
de forma significativa en la membrana apical (Fig. 12). Además, para poder identificar las 
regiones basolateral y apical durante los ensayos de fotoactivación se expresó de forma tran-
sitoria actina-Cherry en colonias de células ICAM-1-paGFP.
En primer lugar se fotoactivó la región canalicular y se filmaron las células durante al menos 
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Figura 11. La adhesión de linfocitos T a células HepG2 despolarizadas es dependiente de ICAM-1.
(a) Las células HepG2 se transfectaron durante 72 h con los siRNAs indicados para silenciar la expresión de ICAM-1. En 
paralelo se transfectaron células que expresan establemente ICAM-1-GFP con siICAM-1(1), cuya diana se encuentra en 
la región 3’UTR del RNA mensajero (siICAM-1+ICAM-1-GFP). Después de 72 h las células se lisaron y se inmunodetec-
taron las proteínas ICAM-1 y ERK. (b) Efecto de la transfección de los distintos siRNA en la adhesión de linfocitos T a 
células HepG2 o células HepG2-ICAM-1-paGFP despolarizadas. Las barras de error muestran el promedio + SEM de al 
menos tres experimentos distintos; * p<0.05; **p<0.005.
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Figura 13. ICAM-1-paGFP se 
encuentra confinado en el 
canalículo biliar de células 
HepG2.
ICAM-1-paGFP expresado de 
forma estable se fotoactivó en 
la membrana canalicular de 
células HepG2 polarizadas. Su 
dinámica se analizó por videom-
icroscopía confocal durante más 
de 100 minutos a intervalos de 
tiempo de 10 minutos. (a) Para 
poder visualizar los canalículos 
biliares se expresó previamente 
actina-cherry. El asterisco marca fluorescencia de fondo previa a la fotoactivación (PA) del laser, proveniente de la fotoac-
tivación ambiental y que es detectada por la notable acumulación del receptor en el canalículo biliar. (b) Cuantificación 
de la intensidad de fluorescencia relativa en las áreas canaliculares fotoactivadas (BC) y en dominios basolaterales 
adyacentes después de restar el fondo, como se indica en el dibujo (n=13 células). Barras, 10 μm.
90 minutos. Tras la adquisición de imágenes confocales pudimos comprobar cómo la inten-
sidad de fluorescencia prácticamente no disminuyó en el área fotoactivada y el aumento de 
fluorescencia en las regiones basolaterales adyacentes resultó insignificante al cabo de 90 
minutos post-fotoactivación (Fig. 13 a, b; vídeo 4), lo que sigiere que ICAM-1 se encuentra 
notablemente confinado al canalículo biliar.
Como se ha mencionado en la introducción , se ha propuesto que algunas proteínas trans-
membrana son susceptibles de seguir una ruta de transporte indirecto desde el Golgi a la 
membrana apical, pasando previamente por el dominio basolateral, desde dónde son trans-
Figura 12. ICAM-1-paGFP está mayoritariamente 
localizado en el canalículo biliar de células 
HepG2.
Las células HepG2 que expresan establemente 
ICAM-1 fusionado a la proteína GFP fotoactivable 
(paGFP) fueron fijadas, permeabilizadas y teñidas 
con un anticuerpo anti-GFP y un anticuerpo especí-
fico para ICAM-1.
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portadas por transcitosis a la región apical (Bastaki et al., 2002) (Weisz and Rodriguez-
Boulan, 2009). Siguiendo nuestra estrategia  de fotoactivación selectiva en diferentes 
dominios de membrana, fuimos capaces de fotoactivar también la fracción minoritaria de 
ICAM-1-paGFP localizada en la membrana basolateral(Fig. 14a). A pesar de que la intensidad 
de fluorescencia obtenida en la fotoactivación basolateral fue mucho menor que en la apical, 
fuimos capaces de filmar la dinámica del ICAM-1-paGFP en superficie. En comparación con 
Figura 14. ICAM-1-paGFP difunde rápidamente por la membrana basolateral de células HepG2.
ICAM-1-pa-GFP se fotoactivó en la membrana basolateral y su dinámica se analizó por videomicroscopía confocal du-
rante 10 minutos a intervalos de tiempo de 3 segundos. (b) Cuantificación de la intensidad de fluorescencia relativa en 
áreas fotoactivadas y en otras no fotoactivadas adyacentes, después de restar el fondo, como se indica en el dibujo 
(n=18 células). Barras, 10 μm.
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Figura 15. ICAM-1-pa-GFP se 
redirige desde la membrana 
basolateral hacia el canalícu-
lo biliar de células HepG2.
(a)ICAM-1-pa-GFP se fotoac-
tivó en la membrana basola-
teral y su dinámica se analizó 
por videomicroscopía confocal 
durante 100 minutos a interva-
los de tiempo de 10 minutos. 
Tras una difusión basolateral 
rápida, como ocurre en la figura 
10, el receptor se acumula en el área canalicular. 
Se transfectó actina-cherry para poder visualizar 
los canalículos biliares y la membrana basolateral. 
El asterisco marca fluorescencia de fondo previa a 
la fotoactivación (PA) del laser, proveniente de la 
fotoactivación ambiental y que es detectada por la 
notable acumulación del receptor en el canalículo 
biliar. Nótese que la fotoactivación basolateral ape-
nas supera la intensidad de la fluorescencia de fon-
do del canalículo (b) Cuantificación de la intensidad 
de fluorescencia relativa en dominios basolaterales 
diferentes de la región fotoactivada y en el canalíc-
ulo biliar (BC), después de restar el fondo, como se 
indica en el dibujo (n=17 células). Barras, 10 μm.
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la lenta tasa de difusión detectada en la fotoactivación apical, observamos cómo el receptor 
difunde rápidamente desde el área fotoactivada al resto de la membrana basolateral en los 
10 minutos siguientes a la fotoactivación (Fig. 14a, b; vídeo 5).  El análisis de esta dinámica a 
tiempos más largos reveló además que entre 90 y 130 minutos post-fotoactivación el receptor 
fotoactivado se acumulaba en el canalículo biliar. De manera concomitante a la acumulación 
canalicular, la intensidad de fluorescencia disminuyó en la dominios basolaterales adyacentes 
al área inicialmente fotoactivada, sugiriendo que existe un tráfico de la proteína en direc-
ción basolateral-apical (Fig. 15a, b; vídeo 6). Colectivamente estos resultados indican que el 
ICAM-1 basolateral se redirige al canalículo biliar, dónde puede permanecer estable al menos 
durante 100 minutos. Por tanto, el confinamiento de ICAM-1 en esta estructura se debe a 
diferencias entre el tráfico del receptor desde el dominio basolateral al apical y viceversa. 
Para corroborar los datos obtenidos mediante el análisis de la dinámica de ICAM-1-paGFP, se 
realizaron ensayos de marcaje basolateral, utilizados con anterioridad para analizar latransci-
tosis basolateral-apical de proteínas hepáticas (de Marco et al., 2002) (Hemery et al., 1996). 
ICAM-1-GFP o ICAM-1 endógeno fueron marcados con anticuerpos específicos en la superfi-
cie basolateral de células HepG2 en frío. A continuación, se incubaron a 37ºC, durante distin-
Figura 16. ICAM-1 marcado basolateralmente con anticuerpos específicos se acumula en el canalículo biliar de 
células HepG2.
Las células HepG2 polarizadas se incubaron con un anticuerpo específico de ratón para ICAM-1 en frio durante 30 
min. A continuación se incubaron a 37oC durante los tiempos indicados, se fijaron, permeabilizaron y se tiñeron con 
un anticuerpo anti-ratón unido al fluoróforo Alexa 488 y con faloidina-TRITC para detectar la F-actina. (b) Las células 
HepG2 expresando establemente ICAM-1-GFP se marcaron de la misma forma que en (a). Después de la fijación y 
permeabilización, las células se tiñeron con un anticuerpo anti-ratón unido al fluoróforo Alexa 555. El ICAM-1 marcado 
basolateralmente se acumula en dominios discretos que se localizan en los canalículos biliares después de 120 min (a) y 
90 min (b) de incubación a 37oC (cabezas de flecha). Nótese que la distribución total del ICAM-1-GFP, mayoritariamente 
canalicular, no varía significativamente durante el ensayo. (c) Cuantificación del porcentaje de canalículos (BC) posi-
tivos para ICAM-1 marcados con el anticuerpo específico a los tiempos indicados. Barras, 10 μm. Las barras de error 
muestran el promedio + SEM de al menos tres experimentos distintos; **p<0.005.
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tos intervalos de tiempo, las células previamente marcadas, para permitir la internalización 
del receptor. Acto seguido las células se fijaron, se permeabilizaron y el anticuerpo primario 
se detectó con un anticuerpo secundario unido a un fluoróforo. Mientras que los anticuerpos 
incubados inicialmente en frío tiñeron exclusivamente la membrana basolateral, tras 90 mi-
nutos de incubación a 37oC el anticuerpo unido al receptor se acumuló de forma parcial, pero 
clara, en los canalículos biliares (Fig. 16a, b), sugiriendo que parte del receptor basolateral 
marcado había seguido una ruta transcitótica para alcanzar la membrana apical.
En conjunto nuestros datos indican que la arquietctura polarizada del hepatocito previene la 
acumulación basolateral de ICAM-1 redirigiéndolo hacia el canalículo biliar, impidiendo así 
que el receptor quede expuesto al espacio de Disse hepático y a las células inmunes.
2.2. El dominio citoplásmico de ICAM-1 es necesario para  
su completa polarización.
17. El dominio citoplásmico de ICAM-1 es necesario para su completa polarización.
(a) Esquemas de ICAM-1 completo y de las quimeras expresadas de manera exógena en células HepG2. (b) Células 
que expresan establemente ICAM-1-GFP o ICAM-1-Δct-GFP se crecieron durante 72h, se fijaron y se tiñeron para F-
actina con faloidina-TRITC. La expresión de GFP-ICAM-1-Δext resultó ser tóxica a largo plazo, por lo que esta quimera 
y el control GFP se expresaron transitoriamente. (c,d) Cuantificación del ratio basolateral/apical (Basolateral index) de 
las proteínas indicadas, normalizado al índice basolateral para F-actina en cada célula polarizada. Barras, 10 μm. Las 
barras de error muestran el promedio + SEM de al menos tres experimentos distintos; **p<0.005, respecto a la ratio de 
la actina, menos cuando se indica.
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A continuación comparamos la localización de una construcción ICAM-1-GFP sin su fragmen-
to intracelular (ICAM-1-Dct-GFP) (Fig. 17 a) respecto a la de ICAM-1-GFP en clones estables 
silenciados para la expresión de ICAM-1 endógeno y observamos que el primero incrementa 
su localización basolateral respecto al segundo (Fig. 17b, c). En base a estos resultados, desa-
rrollamos otro mutante conteniendo la proteína GFP fusionada por su extremo C-terminal 
al dominio transmembrana y citoplásmico de ICAM-1 (GFP-ICAM-1-Dext) (Fig. 17a), y la ex-
presamos transitoriamente en células HepG2, ya que la generación de clones estables resultó 
imposible debido a la toxicidad de la quimera. La presencia del dominio citoplásmico fue sufi-
ciente para dirigir GFP a la región canalicular (Fig. 17b), y su distribución basolateral resultó 
similar a la de ICAM-1-GFP (Fig. 14b-d). Por tanto, la cola citoplásmica de ICAM-1 contribuye 
a la localización apical del receptor. Sin embargo, hay que destacar que el receptor mutante 
sin su segmento intracelular continúa localizándose en parte en el dominio apical (Fig. 17b), 
lo que sugiere la existencia de interacciones adicionales a través otros dominios que contribu-
yen también a la polarización del receptor.
2.3. ICAM-1 se asocia a las proteínas ERM en la membrana plasmática 
células HepG2
2.3.1.	ICAM-1	colocaliza	con	ezrina	y	radixina	en	células	HepG2
En otros tipos celulares, la asociación de ICAM-1 a la actina filamentosa submembranal se 
realiza a través de proteínas conectoras como la a-actinina (Carpen et al., 1992), cortactina 
(Tilghman and Hoover, 2002), filamina (Kanters et al., 2008) o las proteínas ERM (Huang et 
al., 2011). Las proteínas ERM son ubicuas, pero su expresión relativa depende del tipo celular 
analizado. Radixina constituye la ERM más abundante en hepatocitos primarios (Kikuchi et 
al., 2002) (Wang et al., 2006), aunque también se ha detectado expresión de ezrina en este 
tipo celular (Gilbert et al., 2012) y en hepatocitos transformados (Okamura et al., 2008). Por 
otra parte, la expresión de radixina es necesaria para la formación de la estructura canalicular 
y la localización de proteínas en las membranas del canalículo biliar (Kikuchi et al., 2002) 
(Wang et al., 2006), lo que nos llevó a formular una primera hipótesis sobre la posible asocia-
ción de las proteínas ERM al receptor ICAM-1 en células hepáticas. Para investigar esta posi-
ble asociación, primero desciframos el perfil de expresión de ERM en nuestro modelo celular. 
Realizamos ensayos de inmunodetección con anticuerpos específicos para ezrina, radixina y 
moesina en extractos de células HepG2, que se compararon con extractos de células endote-
liales humanas provenientes de la vena del cordón umbilical (HUVECs), en los que es conoci-
Figura 18. Las células HepG2 expresan todos los miembros de la fa-
milia ERM: Ezrina, Radixina y Moesina.
Los lisados de células HepG2 crecidas durante 72h fueron analizados por 
western blot con anticuerpos específicos para ezrina, radixina y moesina. 
En paralelo se analizó un extracto de células HUVECs. Mientras que en 
las células endoteliales predomina la expresión de moesina, en las células 
HepG2 lo hace la de ezrina y radixina respecto a la expresión endotelial.
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do que la moesina y la ezrina son proteínas mayoritarias (Barreiro et al., 2002). La expresión 
de ezrina y radixina en las células HepG2 resultó mayor que en células HUVEC, mientras que 
la moesina se detectó con mucha menos intensidad en los extractos de células hepáticas que 
en los lisados endoteliales (Fig. 18). Estos resultados sugieren que ezrina y radixina se expre-
san de forma significativa en las células HepG2 y podrían ser candidatos a conectar ICAM-1 
con la F-actina en las células HepG2. 
A continuación analizamos la distribución de radixina-YFP o ezrina-GFP, expresadas de for-
ma transitoria en célula hepáticas, junto con la de ICAM-1 endógeno, detectado por inmu-
nofluorescencia. Encontramos una perfecta colocalización entre estas proteínas fluorescentes 
y  el receptor tanto en células polarizadas como despolarizadas (Fig 19a, b). 
1.6.2.	La	asociación	de	pERM	con	ICAM-1	depende	de	su	segmento	citoplásmico
El entrecruzamiento (crosslinking) de proteínas de superficie con anticuerpos específicos es 
una estrategia experimental que permite analizar la asociación de otras proteínas a dichos 
receptores en dominios discretos de la membrana plasmática (Toomre et al., 2000) (Millan 
et al., 2006b). Esta estrategia presenta dos ventajas frente a técnicas bioquímicas conven-
cionales como la inmunoprecipitación: se realiza en ausencia de detergentes, lo que permite 
detectar interacciones lábiles que son disociadas  por éstos, y además evita artefactos produ-
cidos en los lisados celulares en los que proteínas de diferentes compartimentos contactan de 
forma artificial. El co-agrupamiento de proteínas en respuesta al entrecruzamiento suminis-
tra información sobre el grado de asociación entre dos proteínas, que puede ser cuantificado 
por técnicas de procesamiento de imagen, y no sólo sobre su proximidad, como hacen otras 
estrategias basadas también en la detección de fluorescencia, como el FRET (Pietraszewska-
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Figura 19. Radixina y Ezrina colocalizan 
con ICAM-1 en células HepG2 polarizadas 
y no polarizadas.
Las células HepG2 expresando Radixina 
(RDX)-YFP (a) o Ezrina-GFP (b) se tra-
taron (depolarized) o no (polarized) con 
PMA 100nM durante 2 horas, se fijaron y se 
tiñeron para ICAM-1. Barras, 10 μm.
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Bogiel and Gadella, 2011).
El entrecruzamiento con anticuerpos anti-ICAM-1 (ver materiales y métodos) indujo el co-
agrupamiento de  radixina-YFP y ezrina-GFP en células HepG2 (Fig. 20a, c). El cálculo del 
coeficiente de colocalización de Manders (ver materales y métodos), que indica el grado de 
solapamiento existente entre los píxeles de dos canales diferentes (Dunn et al., 2011),  reveló 
una colocalización muy significativa de ambas proteínas fluorescentes en los agrupamientos 
de  ICAM-1. Este solapamiento resultó ser significativamente mayor que el de las proteínas 
control YFP y GFP, que no se enriquecieron en los acúmulos de ICAM-1 (Fig. 20b, d).
A continuación, se realizaron ensayos de crosslinking en células HepG2 que expresaban esta-
blemente ICAM-1-GFP o ICAM-1-Dct-GFP (Fig. 18b), observándose que el enriquecimiento 
de ERM fosforiladas (pERM) en los acúmulos de ICAM-1 y su nivel de colocalización con el 
receptor era menor en los clones que expresan la construcción mutada de ICAM-1 (Fig. 21b, 
c). En estos experimentos, la expresión de ICAM-1 endógeno se silenció en ambos clones es-
tables utilizando el siRNA siICAM-1(2) que no afecta a la expresión de la proteína exógena, 
reduciéndose así el co-agrupamiento de ERM con el receptor endógeno (Fig. 21a). Los experi-
mentos de entrecruzamiento indican, de forma colectiva, que ICAM-1 puede asociarse a tra-
vés de su dominio citoplásmico a las proteínas ERM en la membrana plasmática de las células 
HepG2, respaldando resultados previos que muestran la asociación entre ICAM-1 y ezrina y 
moesina en células endoteliales (Oh et al., 2007).
Figura 20. Radixina y Ezrina colocalizan con ICAM-1 entrecruzado en la membrana plasmática. 
Las células HepG2 no polarizadas fueron incubadas con un anticuerpo frente a ICAM-1 durante 30 minutos en frío.  A 
continuación  el receptor fue entrecruzado con un anticuerpo secundario unido al fluoróforo Alexa 647 durante 40 minu-
tos a 37oC (X-IC-1) en células que expresaban Radixina-YFP o YFP (a) y Ezrina-GFP o GFP (b). El entrecruzamiento 
con el segundo anticuerpo indujo la agregación del receptor en dominios discretos de membrana. Los gráficos muestran 
el coeficiente de colocalización de Manders, que indica el porcentaje de los píxeles del canal verde (Radixina-YFP, YFP, 
Ezrina-GFP o GFP) que solapan con el canal azul (X-IC-1) con valor máximo de 1. Barras, 10 μm. Las barras de error 
muestran el promedio + SEM de al menos tres experimentos distintos; * p<0.05; **p<0.005.
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1.6.3.	La	asociación	de	Ezrina	y	Radixina	con	ICAM-1	depende	de	
tres	residuos	de	lisina	en	el	dominio	C-terminal	del	receptor
A continuación se realizaron ensayos de pull-down con una proteína recombinante forma-
da por la fusión de GST (glutathione-S-transferase) a la cola citoplásmica de ICAM-1 (GST-
ICAM-1 tail) (Fig. 22a). Estos ensayos revelaron que este segmento del receptor es capaz de 
asociarse a radixina (Fig. 19b). ICAM-1 interacciona con proteínas conectoras del citoesque-
leto de actina, como a-actinina y ezrina, a través de residuos básicos presentes en en su do-
minio citoplásmico (Carpen et al., 1992) (Oh et al., 2007). En una región cerca del segmento 
transmembrana del receptor, la sustitución de tres residuos aminoacídicos de lisina por tres 
leucinas (GST-ICAM-1 K>L) (Fig. 22a) fue suficiente para interrumpir la asociación entre ra-
dixina y la cola citoplásmica de ICAM-1 (Fig. 22b). Por último, y de forma similar, también se 
detectó una asociación significativa de ezrina al segmento citoplásmico del receptor y depen-
diente de estas tres lisinas mencionadas (Fig. 22b).
Conjuntamente, nuestros resultados indican que ICAM-1 se asocia en los microvilli a ERM 
activas y F-actina, una maquinaria previamente implicada en la adhesión leucocitaria cuando 
aparece expuesta a células inmunes (Reglero-Real et al., 2012), pero que en hepatocitos se 
encuentra polarizada, dado que resulta esencial para dirigir determinadas proteínas al cana-
lículo biliar y para mantener la arquitectura polarizada (Kikuchi et al., 2002) (Wang et al., 
2006). El doble papel de dicha maquinaria en polaridad y adhesión leucocitaria puede propor-
cionar la base molecular para explicar la relación inversa que hemos encontrado entre ambos 
procesos.
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Figura 21. El dominio citoplásmico de ICAM-1 es necesario para el reclutamiento de p-ERM en los acúmulos de 
ICAM-1.
(a) ICAM-1 endógeno fue silenciado durante 72 h con un siRNA cuya diana se encuentra en la región 3’UTR del RNA 
mensajero (siRNA 3`UTR) en células HepG2 con expresión estable de ICAM-1-GFP o ICAM-1-Δct-GFP (b,c) 72 h más 
tarde se realizaron ensayos de entrecruzamiento de ICAM-1 (X-IC-1) como en la Figura 17, y la células se fijaron y se 
tiñeron para p-ERM. (b) Imágenes de microscopía confocal representativas. (c) Coeficiente de colocalización de Man-
ders que indica el porcentaje de píxeles del canal verde (ICAM-1-GFP, ICAM-1-Δct-GFP) que solapan con el canal rojo 
(p-ERM). A pesar de una reducción apreciable en la señal de GFP debido al método de fijación para detectar p-ERM, 
se encontró una diferencia significativa entre la capacidad para reclutar a p-ERM de ICAM-1 completo e ICAM-1 sin el 
segmento citoplásmico. Barras, 10 μm. Las barras de error muestran el promedio + SEM de al menos tres experimentos 
distintos; * p<0.05.
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Figura 22. La asociación de radixina y ezrina con ICAM-1 depende de tres residuos de lisina en el dominio C-
terminal del receptor.
(a) Esquema de la proteína recombinante GST unida al fragmento citoplásmico de ICAM-1 entero y sin mutar (arriba) o 
con tres residuos de lisina mutados a leucina (abajo). (b) Tinción de Coomassie de concentraciones crecientes de BSA 
y las proteínas de fusión GST. (c) Radixina (Rdx) y Ezrina se asocia a la cola citoplásmica entera de ICAM-1. Ensayos 
de pull-down de la proteína recombinante GST y GST unida al fragmento citoplásmico de ICAM-1. La sustitución de los 
tres residuos de lisina por leucinas es suficiente para abrogar la asociación de radixina y ezrina con la cola citoplásmica 
de ICAM-1.  
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3. EFECTO DE LA INFLAMACIÓN SOBRE LA 
POLARIDAD HEPATOCELULAR DE ICAM-1
3.1. La estimulación a largo plazo con TNF-a aumenta la exposición 
basolateral de ICAM-1 
La mayoría de las patologías hepáticas agudas y crónicas se caracterizan por procesos infla-
matorios que cursan con una acentuada expresión de diversas citoquinas proinflamatorias. 
La acción de estas citoquinas contribuye al desarrollo de muchos desórdenes hepáticos que a 
menudo terminan en cirrosis y fibrosis  (Tilg et al., 2006). La expresión del receptor ICAM-1 
se encuentra regulada en diferentes tejidos por varias citoquina proinflamatorias, entre las 
que destaca  TNF-a (Aranda et al., 2013), una citoquina que resulta central en la respuesta 
inflamatoria hepática a largo plazo (Gonzalez-Amaro et al., 1994). De hecho, TNF-a es una 
citoquina paradigmática como inductor de adhesión leucocitaria a células endoteliales y epi-
teliales, incluidos los hepatocitos (Bradley, 2008) (Nagendra et al., 1997) (Sano et al., 1999). 
TNF-a juega un papel fundamental en la progresión de fallo hepático fulminante (Zhou et al., 
2005) (Chastre et al., 2012), promueve el carcinoma hepatocelular (Grivennikov et al., 2010), 
aparece en hepatocitos que expresan también ICAM-1 en hepatitis alcohólica aguda (Ohlin-
ger et al., 1993) y en infección por HBV y HCV (Gonzalez-Amaro et al., 1994), y sus niveles 
en suero aumentan en patologías como hepatitis C, hepatitis alcohólica aguda y rechazo he 
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pático (Neuman et al., 2012), (Panasiuk et al., 2007),  (Imagawa et al., 1990).
Puesto que ICAM-1 es un paradigma de receptor regulado por citoquinas inflamatorias, quisi-
mos investigar a continuación el efecto de TNF-a sobre la polaridad del receptor. Las células 
HepG2 fueron expuestas a TNF-a de origen humano a diferentes concentraciones y durante 
distintos períodos de tiempo. En nuestros ensayos inicales comprobamos que la expresión de 
ICAM-1 aumenta de forma óptima en respuesta a 50ng/ml de TNF-a a lo largo del tiempo, 
alcanzando niveles máximos tras 24 horas de estimulación (Fig. 24a, b), lo que corrobora da-
tos previos sobre la modulación de la expresión de este receptor en hepatocitos en respuesta a 
citoquinas proinflamatorias obtenidos por diferentes laboratorios desde hace tiempo (Morita 
et al., 1994) (Sano et al., 1999) (Ohlinger et al., 1993). A continuación, investigamos el efecto 
de TNF-a sobre la polarización de ICAM-1 y la polaridad hepatocelular. La visualización por 
técnicas de inmunofluorescencia de células HepG2 inflamadas reveló un aumento de ICAM-1 
en la membrana basolateral entre 4 y 24 horas post-estimulación (Fig. 23a). Tras 24 horas 
de tratamiento observamos además la acumulación de ICAM-1 en estructuras discretas de 
membrana enriquecidas en F-actina (Fig. 23a, ampliación) que se asemejan a los microvilli 
encontrados en células endoteliales inflamadas y que también detectamos por microscopía 
electrónica de barrido en células estimuladas con TNF-a (Fig 30b, ampliación). 
Quisimos dilucidar a continuación si el incremento del receptor en el dominio basolateral ob-
servado por microscopía confocal se debe al aumento global en los niveles totales de proteína 
o si, además, TNF-a  induce un cambio en la polaridad del receptor.  Para ello realizamos en-
sayos de biotinilación en células HepG2 no transfectadas  y en clones HepG2 que expresaban 
establemente ICAM-1-GFP, estimulados o no con la citoquina. Tras analizar los resultados 
hay que subrayar primero que TNF-a indujo un aumento tardío de la expresión total no sólo 
del receptor endógeno, sino también de ICAM-1-GFP. Puesto que la expresión ectópica de 
esta proteína se encuentra controlada por un promotor de citomegalovirus (CMV), del que no 
se ha descrito su regulación por esta citoquina, este incremento de ICAM-1-GFP podría estar 
revelando la existencia de una regulación post-traduccional del receptor o de la estabilidad 
de su RNA mensajero por parte de esta citoquina. Más importante, la razón entre la proteí-
na expuesta respecto a la proteína total aumentó en respuesta a TNF-a tanto para ICAM-1 
endógeno como para ICAM-1-GFP, indicando que ICAM-1 es más accesible desde el espacio 
extracelular en hepatocitos polarizados inflamados (Fig. 23c, d). El aumento de la ratio de 
proteína expuesta para ICAM-1 endógeno se detectó desde las cuatro horas de estimulación, 
mientras que el de ICAM-1-GFP se observó tras 24h de estimulación. Por tanto y en conclu-
sión, TNF-a no sólo induce un aumento de la expresión de ICAM-1, sino también un cambio 
significativo en la polaridad del receptor. 
TNF-a es una citoquina que puede inducir muerte celular (Tacke et al., 2009). Se conoce 
además que TNF-a altera la integridad de diferentes barreras endoteliales y epiteliales (Mc-
Kenzie and Ridley, 2007) (Ivanov et al., 2010) (Kakiashvili et al., 2009). Por consiguiente, 
analizamos si el aumento de la exposición de ICAM-1 en respuesta a este estímulo era conse-
cuencia de una pérdida de polaridad en las células hepáticas. El contaje de canalículos biliares 
detectados con diferentes marcadores reveló que  la arquitectura polarizada de las HepG2 se 
mantenía durante al menos 24 horas tras la estimulación con TNF-a (Fig. 23e), lo cual sugie-
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re que el aumento de la ratio basolateral/apical de ICAM-1 no es consecuencia de una pérdida 
de la integridad canalicular provocada por esta citoquina, aunque no se puede descartar que 
la separación entre los dominios apicales y basolaterales sea más permeable en los hepatoci-
tos inflamados.
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Figura 23. La exposición de ICAM-1 en microvilli basolaterales aumenta en respuesta a TNFα en células 
HepG2.
(a) Las células HepG2 se cultivaron durante 48 h y se estimularon con TNFα (50ng/ml) durante los tiempos indicados, 
se fijaron y se tiñeron para ICAM-1 y F-actina. La ampliación del área recuadrada ilustra el incremento del marcaje de 
ICAM-1 en los microvilli de la membrana basolateral detectado entre 4 y 24 h de estimulación. (b) Las células HepG2 
estimuladas durante 24 h con TNFα se fijaron y se sometieron a los tratamientos necesarios para el análisis por micro-
scopía electrónica de barrido. Las células inflamadas muestran en su superficie largos filamentos que se asemejan a 
microvilli. (c) Las células HepG2 normales (western blot superior) o expresando establemente ICAM-1-GFP (western 
blot inferior) estimuladas durante 4 y/o 24 h con TNFα se incubaron con sulfo-NHS-biotina y se lisaron. Las proteínas 
biotiniladas (Exposed) se aislaron mediante un ensayo de pull-down con neutravidina-agarosa. (d) El ratio de las pro-
teínas expuestas al espacio extracelular frente al total de proteína se expresó como porcentaje de las células control 
sin tratar para ICAM-1 endógeno e ICAM-1-GFP. (e) Cuantificación del número de canalículos de células estimuladas 
respecto a células control. Barras, 10 μm. Las barras de error muestran el promedio + SEM de al menos tres experi-
mentos distintos; * p<0.05. 
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3.2. La activación de ERM y su localización basolateral en  
hepatocitos polarizados aumentan en respuesta a la estimulación  
con TNF-a a largo plazo.
Nuestro grupo y otros autores han descrito que TNF-a puede activar a las proteínas ERM 
en células endoteliales, lo que altera la función de barrera y la expresión de receptores de 
adhesión en respuesta a esta citoquina (Koss et al., 2006) (Aranda et al., 2013). Como se ha 
mostrado anteriormente, las proteínas ERM pueden asociarse con ICAM-1 en la membrana 
plasmática (Fig. 16). Puesto que la localización basolateral de ICAM-1 aumenta en respuesta 
a TNF-a, pero no la polaridad de las células hepáticas, nos planteamos si las proteínas ERM 
podrían contribuir al aumento de la distribución basolateral de este receptor.
El análisis cuantitativo de cinéticas de TNF-a en HepG2 reveló un incremento global en la 
fosforilación de ERM que resultó significativo a 2, 4 y 8 horas post-estimulación (Fig. 24a, b). 
Este aumento ocurrió sin alteración aparente de los niveles de expresión de ERM (Fig. 24a). 
Además, el incremento de fosforilación  precedió a la inducción de la expresión de ICAM-
1 (Fig. 24a). En concordancia, el silenciamiento de ICAM-1 no tuvo efecto alguno sobre la 
fosforilación de ERM (Fig. 24a), descartando un papel del propio receptor en la activación de 
estas proteínas.  
Además, la localización de ERM activas en células HepG2 estimuladas a distintos tiempos 
con TNF-a, indica que pERM se acumula en proyecciones de membrana tipo microvilli en 
la región basolateral a partir de 4 horas de activación (Fig. 25a). Para corroborar este dato 
realizamos ensayos de biotinilación, que nos permitieron detectar un incremento de pERM 
asociadas a receptores biotinilados en la superficie celular en células inflamadas (Fig. 25b).
Figura 24. La fosforilación de ERM aumenta en respuesta a TNF-α en células HepG2.
(a) Las células HepG2 se transfectaron durante 72h con un siRNA control o con un siRNA específico para silenciar la 
expresión de ICAM-1 y se estimularon con TNFα durante los tiempos indicados. Los lisados celulares se analizaron por 
western blot para las proteínas pERM, ICAM-1 y ERK. (b) La gráfica muestra el aumento de la fosforilación de ERM 
en células control en respuesta a la estimulación con TNF-α. Las barras de error muestran el promedio + SEM de al 
menos tres experimentos distintos; * p<0.05; **p<0.005.
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3.2.1.	La	expresión	del	mutante	constitutivamente	activo	de	ezrina	es	
suficiente	para	desplazar		ICAM-1	hacia	la	membrana	basolateral
Ezrina y radixina son las proteínas ERMs más abundantes en HepG2 (Fig. 18) y ambas se 
asocian a ICAM-1 en la membrana plasmática (Fig. 20). La interferencia de la función de ERM 
mediante distintos abordajes experimentales provoca una pérdida notable de la polaridad he-
patocelular (Kikuchi et al., 2002), (Wang et al., 2006), lo que hace poco aconsejable estudiar 
la distribución de ICAM-1 siguiendo estas estrategias. Utilizamos por tanto un mutante de 
ezrina en el que la treonina fosforilable del extremo c-terminal (T567) había sido sustitui-
da  por ácido aspártico, mimetizando así una fosforilación constante que da lugar a la forma 
constitutivamente activa de la proteína (ezrinT567D-GFP). Como se observa en la figura 26, 
la expresión transitoria de este mutante en células HepG2 claramente polarizadas fue sufi-
ciente para incrementar la localización basolateral de ICAM-1 en comparación con células po-
larizadas pero no transfectadas en la misma colonia o en comparación con células que habían 
sido transfectadas con el plásmido GFP vacío. De esta manera, la sobreexpresión de ezrina 
constitutivamente activa es suficiente para despolarizar ICAM-1, aumentando su distribu-
ción basolateral en células que conservan una morfología polarizada.
3.2.2.La	inhibición	simultánea	de	PKC	y	ROCK	reduce	la	fosforilación	de	las	proteínas	
ERM	y	la	exposición	de	ICAM-1	en	la	superficie	basolateral	en	respuesta	a	TNF-a
Las rutas de señalización que regulan la activación de las proteínas ERM dependen de cada 
tipo celular y no están todavía bien definidas (Fehon et al., 2010). Entre las quinasas postula-
das como activadoras de estas proteínas se encuentran la familia de las PKCs clásicas, Rho ki-
nasa (ROCK) y p38MAPK  o Jnk (Ng et al., 2001) (Ivetic and Ridley, 2004) (Koss et al., 2006) 
(Naydenov et al., 2009) (Aranda et al., 2013). Por otro lado, se ha descrito que en respuesta a 
TNF-a p38MAPK y varias isoformas típicas de PKC fosforilan a las proteínas ERM en células 
endoteliales microvasculares de pulmón (Koss et al., 2006), mientras que p38MAPK y ROCK 
lo hacen en células epiteliales sinoviales (Huang et al., 2011). Por ello, nos preguntamos si la 
fosforilación de ERM en respuesta a TNF-a podría estar regulada por alguna de estas quinasas 
en nuestro modelo. Para testar esta hipótesis incubamos las células con inhibidores selectivos 
Figura 25. La fosforilación de pERM en la membrana plasmática de HepG2 aumenta en respuesta a TNFα en 
células HepG2 polarizadas.
Las células HepG2 se estimularon con TNFα durante los tiempos indicados, se fijaron y se tiñeron para pERM (a) o se 
marcaron con sulfo-NHS-biotina para luego desarrollar un pull-down con neutravina-agarosa (b). Barras, 10 μm.
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de las isoformas clásicas de PKC (PKCGö), de ROCK (Y27632) y de p38 MAPK (PD169316) 
durante una hora y después procedimos a estimularlas con TNF-a durante 4 horas. El trata-
miento con PD169316 no disminuyó los niveles de pERM en respuesta al estímulo (datos no 
mostrados), mientras que la inhibición de ROCK y PKC-a lo hizo parcialmente. La reducción 
de los niveles de pERM no fue significativa desde el punto de vista estadístico al inhibir las 
dos vías por separado, mientras que la inhibición conjunta de ambas quinasas produjo una 
disminución significativa del 50% respecto al aumento de la fosforilación en respuesta a TNF-
a (Fig. 27a, b). Todo ello sugiere que PKC-a y ROCK  regulan de forma conjunta la fosfori-
lacion de ERM en respuesta a TNF-a en células HepG2 y que ambas quinasas regulan estas 
proteínas de forma paralela puesto que los inhibidores tienen un efecto aditivo. Estos datos 
resultan compatibles con datos de nuestro laboratorio y de otros mostrando que  TNF-a ac-
tiva vías de señalización mediadas tanto por PKC clásicas, como por RhoA-ROCK (Peng et al., 
2011) (Nwariaku et al., 2003) (Fernandez-Martin et al., 2012) (Aranda et al., 2013).
Acto seguido, nos preguntamos si los inhibidores de la fosforilación de las proteínas ERM po-
drían evitar que el receptor se acumulara a este dominio en respuesta a TNF-a. Para contestar 
a esta pregunta analizamos los niveles de ICAM-1 basolateral (Basolateral Index) en células 
control o tratadas con PKC-Gö y Y27632 y estimuladas o no con TNF-a. El receptor aparece 
más polarizado en células con señalización deficiente para PKC clásicas y ROCK que en célu-
las control (Fig. 28a, b), mientras que los niveles totales de ICAM-1 en células inflamadas no 
se alteraron en respuesta al tratamiento con los inhibidores (Fig. 28c).
En conjunto, estos resultados sugieren que la activación de ERM en respuesta a la inflamación 
por TNF-a a largo plazo puede contribuir a la exposición basolateral de ICAM-1, sin afectar 
a la integridad canalicular de los hepatocitos. Esta exposición está parcialmente regulada por 
rutas de señalización dependientes de PKC clásicas y de ROCK, que a su vez previenen la 
exposición basolateral de este receptor. La exploración detallada de las rutas que favorecen la 
Figura 26. EzrinaTD-GFP incrementa la localización basolateral de ICAM-1 en células HepG2 polarizadas.
(a) Las células HepG2 se transfectaron con EzrinaTD-GFP o con GFP y 24 h después se fijaron y se tiñeron para 
ICAM-1 y F-actina. (b) Cuantificación del ratio basolateral/apical (Basolateral index) de las proteínas indicadas nor-
malizado al índice basolateral para F-actina en cada célula polarizada. Barras, 10 μm. Las barras de error muestran el 
promedio + SEM de al menos tres experimentos distintos; * p<0.05.
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Figura 27. PKCα y ROCK participan en la fosforilación de ERM en respuesta a TNF-α en células HepG2.
(a) Las células HepG2 se cultivaron durante 48 h, se incubaron una hora con inhibidores específicos para PKCα (PK-
CGö) y/o ROCK (Y27632) y se estimularon durante 4 horas con TNF-α. Los lisados se analizaron por inmunodetección 
para pERM y ERK con anticuerpos específicos. (b) Cuantificación de los niveles de P-ERM para las condiciones detal-
ladas en (a). C, control sin tratamiento.  Las barras de error muestran el promedio + SEM de al menos tres experimen-
tos distintos; * p<0.05.
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segregación de receptores de adhesión en dominios celulares poco accesibles por células del 
sistema inmunitario podría desvelar nuevas oportunidades terapéuticas para atenuar disfun-
ciones inflamatorias crónicas.
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Figura 28. La inhibición de PKCα y ROCK reduce la exposición de ICAM-1 basolateral en respuesta a TNFα.
(a) Las células HepG2 se cultivaron durante 48 h, se incubaron 60 min con inhibidores específicos para PKCα (PKCGö) 
y ROCK (Y27632) y se estimularon durante 4 h con TNFα. Las células fijadas se marcaron para ICAM-1 y F-actina y 
se analizaron por inmunofluorescencia. (b) Cuantificación del ratio basolateral/apical (Basolateral Index) de ICAM-1 
normalizado al índice basolateral para F-actina en cada célula polarizada tratada como se indica. C, control sin tratami-
ento. (c) Células estimuladas con TNF-α y tratadas como se indica fueron lisadas y analizadas por western blot con 
anticuerpos específicos para ICAM-1, pERM y ERK. Gráfico derecho. Cuantificación de los niveles totales de ICAM-1 
en respuesta al tratamiento con inhibidores. A.U., unidades arbitrarias. Barras, 10 μm. Las barras de error muestran el 
promedio + SEM de al menos tres experimentos distintos; * p<0.05.
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4. DISTRIBUCIÓN DE ICAM-1 IN VIVO EN 
PATOLOGÍAS HEPÁTICAS CON DISTINTO 
COMPONENTE INFLAMATORIO 
Tras nuestros resultados obtenidos in	vitro indicando que la polarización de ICAM-1 puede 
contribuir a la respuesta inflamatoria, decidimos estudiar  la distribución de ICAM-1 in	vivo	
en muestras de modelos animales y de pacientes con diferentes patologías hepáticas inflama-
torias en las que este receptor podría jugar un papel relevante (Romero et al., 2000) (Doi et 
al., 1994) (Volpes et al., 1990) (Kawasuji et al., 2006) (Fernandez-Ruiz et al., 2011).
4.1. El receptor ICAM-1 hepatocítico pierde polaridad durante daño 
hepático agudo en modelos murinos  
En primer lugar quisimos investigar la distribución de ICAM-1 en hepatopatías relacionadas 
con un daño hepático fulminante, para lo que recurrimos a modelos murinos que mimetizan 
la situación de fallo hepático fulminante (FHF) humano. El FHF es un síndrome que suele 
aparecer en pacientes sin necesidad de una enfermedad hepática pre-existente y su etiología 
es muy variada, incluyendo orígenes víricos, tóxicos o isquémicos (Karlmark et al., 2008). 
El resultado es una destrucción masiva del parénquima hepático, que puede tener lugar por 
mecanismos mediados inmunológicamente o por daño directo del hepatocito. Los modelos 
experimentales de FHF en ratón nos permiten controlar el tiempo y la intensidad del daño 
hepático. Decidimos, por tanto, analizar la distribución de ICAM-1 el el paréquima hepático 
de dos modelos murinos de inducción de FHF por tratamiento con Concanavalina A (ConA) o 
por infección con adenovirus que expresa el ligando del receptor CD40 (AdCD40L).
La administración de ConA, una lectina derivada de la judía, desencadena la activación de 
células T y NKT de manera intensa, lo que da lugar a la producción masiva de citoquinas he-
patotóxicas y a un aumento en la citotoxicidad celular que desemboca en la aparición de nu-
merosas zonas necrosadas en el tejido hepático murino (Zhou et al., 2005) (Fernandez-Ruiz 
et al., 2011). Se ha demostrado que ICAM-1 juega un papel importante en el reclutamiento de 
linfocitos CD4 positivos (Wolf et al., 2001) y en el progreso de esta patología inducida (Kawa-
suji et al., 2006). Como se puede observar en la figura 29a, ICAM-1 se distribuye mayoritaria-
mente en los sinusoides a tiempos cortos de daño hepático (6-24 horas ConA), mientras que 
apenas se detectó marcaje en los hepatocitos. Sin embargo, entre 12 y 24 horas tras la inyec-
ción de ConA, se observaron zonas dónde ICAM-1 se acumula en estructuras inter-hepatocí-
ticas que recuerdan a canalículos biliares (Fig. 29a, imágenes 12 y 24h, ampliación). A las  48 
horas de inducción de daño hepático, se detectó un aumento en la expresión de ICAM-1 tanto 
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en los sinusoides como en los hepatocitos. En estos últimos el receptor se localizó de manera 
difusa y no polarizada por toda la superficie hepatocelular (Fig. 29a, imagen 48h). 
El tratamiento con AdCD40L induce un cuadro de hepatitis fulminante con denso infiltra-
do leucocitario causado por la activación de células inmunes a diferentes niveles debido a 
la interacción CD40-CD40L (Fernandez-Ruiz et al., 2011). De modo similar a lo observado 
dos días después de la inducción del daño hepático por administración de ConA, ICAM-1  se 
detectó también por todo el perímetro celular de los hepatocitos de ratones tratados durante 
96 horas con AdCD40L, incluso en áreas en las que la integridad hepática se encontraba apa-
rentemente conservada (Fig. 29b).
En conjunto, los datos obtenidos de los modelos murinos sugieren que en respuesta a trauma 
hepático severo ICAM-1 aumenta su expresión hepatocítica y pierde su polaridad canalicular 
a largo plazo, exponiéndose hacia otras células del prénquima y los sinusoides.
4.2. ICAM-1 se encuentra confinado en el dominio apical en hepatocitos  
y células epiteliales de los ductos biliares en muestras humanas  
de rechazo hepático
Durante el rechazo hepático post-transplante la disparidad genética existente entre donan-
te y receptor causa una inflamación del aloinjerto que afecta primordialmente a los canales 
Figura 29. Distribución de ICAM-1 en modelos murinos de daño hepático fulminante.
(a) Muestras embebidas en parafina de tejido hepático de ratones tratados durante 6-48h con ConA fueron desparafi-
nadas y teñidas para ICAM-1. El receptor marca los sinusoides hepáticos (S) y los hepatocitos entre 12 y 48 h tras la 
inducción de daño hepático (flechas). Las áreas recuadradas ampliadas muestran una distribución del receptor en la 
membrana canalicular. (b) Muestras embebidas en parafina de tejido hepático de ratones tratados durante 96h con 
AdCD40L fueron desparafinadas y teñidas para ICAM-1. El receptor marca los sinusoides hepáticos (S) y la membrana 
hepatocítica (área recuadrada ampliada y flechas). En ambos tratamientos se puede observar la pérdida de integridad 
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biliares y venas porta y hepáticas, con frecuente infiltrado inflamatorio que se extiende al 
parénquima hepático. Durante esta condición existe un aumento de expresión de ICAM-1 en 
los hepatocitos (Romero et al., 2000), y el reclutamiento de leucocitos en la microvasculatura 
hepática de los aloinjertos rechazados es dependiente de dicho receptor (Wong et al., 2002). 
Al tratarse de una respuesta inmune aguda relativamente corta, se conserva la integridad del 
tejido en muchas áreas, por lo que decidimos analizar la distribución de ICAM-1 en muestras 
de pacientes que presentaban esta patología. Además de expresarse en el endotelio sinusoi-
dal, pudimos observar la distribución de ICAM-1 en los canalículos biliares entre hepatocitos 
en zonas desprovistas de infiltrado leucocitario y sin daño tisular aparente, (Fig. 30, imágenes 
P1-3). La expresión del receptor en hepatocitos sanos resultó ser muy baja (Fig. 30, imágen 
Ct) o suficiente, en algunas áreas del parénquima, para detectar una localización canalicular 
de ICAM-1 como ya se ha señalado anteriormente (Fig. 6c). Hay que destacar que también 
observamos una distribución apical del receptor en colangiocitos de los ductos biliares in-
tralobulares coincidiendo con el marcador apical CD10 en las muestras de pacientes (Fig. 31, 
P2
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Figura 30. ICAM-1 se localiza en los canalículos biliares de hepatocitos en muestras humanas de rechazo 
hepático agudo.
Muestras incluidas en parafina de biopsias de tres pacientes (P1-P3) que sufrían rechazo agudo después de trans-
plante hepático fueron desparafinadas y teñidas para ICAM-1. Las imágenes son representativas de áreas sin aparente 
infiltrado leucocitario ni daño hepático. ICAM-1 aparece marcando los sinusoides hepáticos (S) y los canalículos bil-
iares (BC) (flechas y áreas recuadradas). La imagen inferior derecha muestra una tinción en paralelo de una muestra 
de tejido hepático procedente de un donante sano (Ct), en la que ICAM-1 se detecta únicamente en los sinusoides. Las 
imágenes a la derecha muestran ampliaciones de las áreas recuadradas.Barras, 50 μm.
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imágenes P), mientras que no se detectó expresión de ICAM-1 en ductos biliares de controles 
sanos (Fig. 31, imágen Ct). De acuerdo a estos resultados, podemos concluir que los hepato-
citos que mantienen su arquitectura polarizada segregan ICAM-1 en el canalículo biliar impi-
diendo por tanto que el receptor sea accesible a los leucocitos infiltrados, corroborando así los 
datos obtenidos anteriormente en condiciones in	vitro.
2.2. ICAM-1 presenta una distribución heterogénea en el parénquima 
hepático en muestras humanas de hígados infectados de forma crónica 
por los virus de la hepatitis B y C.
La infección por virus de la hepatitis B y C induce una respuesta inmune sostenida en el tiem-
po que genera daño hepático progresivo y desemboca frecuentemente en fibrosis o carcino-
ma hepatocelular, causando un deterioro irreversible del parénquima hepático (Kew, 2011) 
(Wilson et al., 2012). Para analizar in vivo la distribución de ICAM-1 en condiciones de infla-
mación crónica elegimos por tanto muestras de pacientes que presentasen estas patologías. 
Además del diagnóstico clínico, se realizó una interpretación anatomopatológica de las biop-
sias hepáticas para confirmar la existencia de hepatitis crónica (Tabla I). Para ello se detectó 
la actividad necroinflamatoria (grado) y el índice de fibrosis (estadío) de cada biopsia según el 
método de Scheuer (Scheuer, 1991). Este método permite expresar los parámetros de activi-
dad y fibrosis de forma semicuantitativa a través de valores numéricos en una escala del 0 (va-
lor mínimo) al 4 (valor máximo). La necroinflamación, que indica la actividad del proceso, se 
evaluó en el intersticio portal y en la interfase periportal (grado de inflamación portal/peri-
portal) y en el lobulillo (grado de daño hepatocelular). La fibrosis es consecuencia del proceso 
progresivo necroinflamatorio, que conduce a una remodelación patológica de la arquitectura 
tisular hepática, y valora el momento evolutivo y la cronicidad de la patología.
Figura 31. ICAM-1 se localiza 
en el dominio apical de células 
epiteliales de ductos biliares en 
muestras humanas de rechazo 
hepático agudo. 
Cortes seriados de muestras de 
biopsias de un paciente (P) que 
sufría rechazo agudo después de 
transplante hepático y de un donante 
sano (Ct) fueron desparafinadas y 
teñidas para ICAM-1 y CD10 con el 
fin de identificar las células epiteli-
ales biliares. ICAM-1 se localiza en el 
área apical de los colangiocitos que 
miran al lumen del ducto biliar en el 
paciente con rechazo mientras que 
no se detecta tinción en el control 
sano (flechas).
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Además de la clásica tinción sinusoidal, detectamos un marcaje pericelular de ICAM-1 por la 
superficie de los hepatocitos en la mayoría de los hígados infectados por virus de hepatitis B 
(HBV) y hepatitis C (HCV) (Fig. 32), lo que sugiere una pérdida de la polarización del receptor 
en comparación con las muestras de rechazo hepático (Tabla III). La infección por HBV y HCV 
reduce la polaridad de los hepatocitos y se ha sugerido por algunos autores que incrementa 
la transición epitelio-mesénquima, lo que podría contribuir al desarrollo del carcinoma hepa-
tocelular (Akkari et al., 2012) (Kew, 2011; Wilson et al., 2012). En este sentido, un análisis 
exhaustivo de la polaridad hepatocelular en diferentes patologías hepáticas ha revelado la pér-
dida de  marcadores canaliculares en estados avanzados de hepatitis B y hepatitis C (Shousha 
et al., 2004). Al examinar la distribución del marcador canalicular CD10 por inmunohistoquí-
mica en muestras de hepatitis B y C fuimos capaces de encontrar zonas con pérdida moderada 
o totalmente desprovistas de estructuras canaliculares (Fig. 33, Tabla III), lo que corrobora el 
efecto descrito previamente. El análisis de cortes seriados del mismo tejido seguido de un pa-
trón preciso de reconocimiento de estructuras sinusoidales y canaliculares confirmó una bue-
na correlación entre la acumulación de ICAM-1 y CD10. De esta manera ICAM-1 se distribuye 
por la superficie hepatocelular en ausencia de estructura canalicular (Fig. 33), mientras que se 
acumula en el dominio apical cuando se mantiene intacta la arquitectura polarizada de los he-
patocitos (Fig. 34a). Al igual que ocurre en las muestras de rechazo hepático post-transplante, 
ICAM-1 tiñe apicalmente las células epiteliales que recubren el lumen de los ductos biliares 
en muestras de hepatitis C (Fig. 34b). No obstante, fuimos capaces de encontrar también un 
número significativo de hepatocitos que aparentemente no polarizan ICAM-1, pero aún así 
concentran CD10 en estructuras canaliculares (Fig. 35), sugiriendo la existencia in vivo de 
mecanismos que inducen la exposición basolateral de ICAM-1 sin afectar la integridad canali 
cular, como por ejemplo la exposición a una inflamación persistente.
En conjunto, nuestros datos in vivo sugieren que la pérdida de polaridad o el incremento de 
la polaridad basolateral de este receptor en células hepáticas juegan un papel relevante en 
respuestas inflamatorias agudas, en enfermedades inflamatorias crónicas y en hepatocitos 
dañados durante fallo hepático fulminante. El análisis de patologías hepáticas de diversa
Figura 32. ICAM-1 se distribuye de forma no polarizada en la membrana hepatocítica en muestras humanas de 
hepatitis B y C.
Muestras incluidas en parafina de biopsias de dos pacientes que sufrían hepatitis C y hepatitis B fueron desparafinadas 
y teñidas para ICAM-1. El receptor aparece marcando los sinusoides hepáticos (S) y la membrana hepatocítica (flechas 
y áreas recuadradas). Las imágenes a la derecha muestran ampliaciones de las áreas recuadradas. Barras 50 μm.
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etiología y prolongación en el tiempo nos permite concluir que los hepatocitos con una ar-
quitectura polarizada intacta son capaces de segregar ICAM-1 a su dominio apical, dónde 
se encuentra inaccesible a células inmunes sinusoidales y parenquimales. El receptor puede 
perder su polaridad en respuesta a trauma hepático severo así como en hepatopatías crónicas 
que afectan a la polaridad hepatocelular. Sin embargo, hay que destacar que también hemos 
detectado pérdida de polaridad del  receptor cuando se mantiene la integridad canalicular 
encondiciones de inflamación cróewnica y persistente (Fig. 35), lo que sugiere que podrían 
existir mecanismos que inducen la exposición basolateral de ICAM-1 al margen de la pérdi-
da de polaridad apicobasal hepatocitaria. Nuestros resultados in	vitro indican que las células 
hepáticas acumulan ICAM-1 en su membrana basolateral en respuesta a la estimulación pro-
longada con TNF-a, por lo que resulta plausible que la intensidad del estímulo inflamatorio, 
en concreto de la citoquina TNF-a, regule la polaridad del receptor en patologías hepáticas 
crónicas.
Paciente Etiología hepatitis 
crónica
Grado de actividad 
portal/ periportal
Grado de daño he-
patocelular/ actividad 
lobulillar
Índice de fibrosis/ 
estadío
1 HBV 1 2 3
2 HBV 0/1 2 4/3
3 HBV 3 1 4
4 HCV 2 2 3
5 HCV 2/3 2 2/3
6 HCV 2 1/2 3/4
Tabla I. Datos anatomopatológicos de las biopsias con hepatitis B y C.
Tejido Vena Arteria Ducto Biliar Sinusoide Hepatocito
HepB - - - +++ ++
HepC - - + ++++ +++
Rechazo + + + +++ ++
Normal - - - ++ -/+
Tabla II. Intensidad del marcaje de ICAM-1 en las biopsias hepáticas analizadas.
Tabla III. Marcaje canalicular de CD10 (Grado de polaridad del tejido) y marcaje canalicular de ICAM-1 en las 
biopsias hepáticas analizadas.
Tejido Grado polaridad (CD10) ICAM-1 canalicular
HepB + +
HepC + +
Rechazo +++ +++
Normal +++ -/+
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Figura 33. ICAM-1 se distribuye por la superficie de hepatocitos despolarizados en muestras humanas 
de hepatitis C.
Cortes seriados de muestras de pacientes que sufrían hepatitis C fueron teñidas para ICAM-1 y CD10. La im-
agen inferior derecha muestra una tinción de CD10 de tejido procedente de un donante sano (Ct). El marcaje 
de CD10 en las muestras de pacientes presenta áreas con patrón canalicular disminuido respecto al donante 
sano (zona izquierda) o totalmente ausente (zona derecha). ICAM-1 aparece marcando la mayoría de la su-
perficie parenquimal. Barras, 50 μm.
Figura 34. ICAM-1 se localiza en los canalículos biliares de hepatocitos polarizados y en el dominio 
apical de colangiocitos de ductos biliares en muestras humanas de hepatitis C.
(a)Cortes seriados de muestras de pacientes que sufrían hepatitis C fueron teñidas para ICAM-1 y CD10. 
ICAM-1 aparece marcando los sinusoides hepáticos (S) y se acumula en los canalículos biliares teñidos por 
CD10 (flechas y áreas recuadradas). Las imágenes inferiores muestran ampliaciones de las áreas recuadra-
das. (b) Cortes consecutivos de la misma región del tejido mostrando que ICAM-1 se distribuye apicalmente 
en colangiocitos de ductos biliares en muestras de hepatitis C (flechas). Barras, 50 μm.
Figura 35. ICAM-1 se distribuye en la membrana basolateral de hepatocitos polarizados en muestras humanas 
de hepatitis C.
Cortes seriados de muestras de pacientes que sufrían hepatitis C fueron teñidas para ICAM-1 y CD10. En zonas del 
tejido que mantienen su polaridad, ICAM-1 se localiza en la membrana basolateral de hepatocitos que concentran 
CD10 en su dominio apical (flechas y áreas recuadradas). Las imágenes inferiroes muestran ampliaciones de las áreas 
recuadradas. Barras, 50 μm.
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1. LA PÉRDIDA DE POLARIDAD HEPATOCELULAR 
AUMENTA LA ADHESIÓN LEUCOCITARIA A TRAVÉS 
DE UN MECANISMO DEPENDIENTE DE ICAM-1 
Los hepatocitos son células epiteliales especializadas responsables de la secreción biliar y de 
las funciones de depuración y detoxificación hepáticas. Como consecuencia de esta última 
función, las células parenquimales hepáticas se encuentran notablemente expuestas a agen-
tes carcinógenos, tóxicos o infecciosos que causan daño celular, muerte o transformación on-
cogénica, por lo que el hígado se encuentra estrechamente vigilado por el sistema inmune, y 
la infiltración leucocitaria del parénquima hepático es distintivo de una amplia gama de pa-
tologías hepáticas (Shetty et al., 2008). Mientras que las lesiones histopatológicas de muchas 
de estas enfermedades se han descrito en detalle en la literatura científica, el mecanismo mo-
lecular que regula la comunicación entre células inmunes y células parenquimales hepáticas 
no se ha investigado en profundidad.
Nuestros resultados indican que la pérdida de polaridad apicobasal aumenta la adhesión leu-
cocitaria a células hepáticas a través de un mecanismo dependiente del receptor de adhesión 
ICAM-1. Durante este trabajo demostramos que los hepatocitos polarizados segregan ICAM-
1 a su dominio apical in vivo e in vitro, impidiendo que sea accesible a los leucocitos infil-
trados. Sin embargo, en respuesta a la pérdida de polaridad y a estímulos proinflamatorios 
ICAM-1 aumenta su exposición al espacio extracelular en contacto con los sinusoides y las 
células inmunes extravasadas. Estos datos concuerdan con resultados previos obtenidos in 
vivo que relacionan la expresión de ICAM-1 en la superficie hepatocítica con la infiltración de 
neutrófilos y linfocitos en hígados con hepatitis alcohólica o inflamación severa causada por 
HBV (Ohlinger et al., 1993) (Doi et al., 1994). Asimismo existe evidencias in vitro de que la 
interacción entre ICAM-1 y las integrinas β2 es esencial en la adhesión hepatocito-leucocito, 
aunque hasta el momento estos estudios se han realizado en hepatocitos primarios estimu-
lados con cócteles de citoquinas proinflamatorias (IFN-g y TNF-a)  (Sano et al., 1999) o culti-
vados sobre una única capa de matriz extracelular, que no es suficiente para inducir polaridad 
en cultivos primarios (Meijne et al., 1994), lo que sugiere que la distribución polarizada de 
ICAM-1 o la polaridad celular hepática pudieran estar disminuidas en estas condiciones. En 
este contexto, nuestros resultados son los primeros en relacionar la polaridad de este recep-
tor con su capacidad para mediar la adhesión leucocitaria. Nuestros resultados indican que 
no sólo los niveles de expresión de ICAM-1, sino también su localización en células parenqui-
males, son capaces de regular la interacción hepatocito-leucocito y, potencialmente, la infla-
mación hepática. 
Los ensayos de adhesión  presentados en la primera parte de esta memoria revelan un au-
mento de la adhesión de linfocitos T sobre células HepG2 despolarizadas. Como se ha co-
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mentado anteriormente, en condiciones normales de cultivo entre el 40% y el 60% de las 
células HepG2 no se encuentran polarizadas. Esto hace que las alteraciones detectadas en 
la adhesión leucocitaria en respuesta a la modulación de la polaridad apicobasal sean aún 
más significativas desde el punto de vista cuantitativo, ya que corresponden a cambios pro-
ducidos en aproximadamente la mitad de la población celular estudiada. Por otro lado, a 
pesar de que los experimentos de pérdida de función de ICAM-1 hepatocelular a través del 
silenciamiento de su expresión con siRNAs específicos disminuyeron significativamente la 
adhesión linfocitaria sobre células HepG2 despolarizadas, ésta no se abolió por completo. 
Este efecto se debe probablemente a que los hepatocitos expresan otras moléculas de ad-
hesión capaces de interaccionar con los leucocitos además de ICAM-1. En células HepG2 
hemos comprobado la expresión de otros receptores de la superfamilia de las inmunoglo-
bulinas como ALCAM, aunque éste no aparece polarizado en nuestro sistema celular.  Exis-
te asimismo evidencia de la expresión de distintas moléculas de adhesión como JAM-A 
(Konopka et al., 2007),  CD44 (Seelentag et al., 1995), LFA-3 y CD40 (Cruickshank et al., 
1998). Sin embargo el rescate de la adhesión linfocitaria debido a la expresión exógena de 
ICAM-1-paGFP en células HepG2 silenciadas para la expresión de ICAM-1 endógeno reali-
zado en este trabajo demuestra que este receptor cumple una función relevante en la adhe-
sión de linfocitos T a células parenquimales hepáticas que pierden la polaridad apicobasal. 
2. BASE MOLECULAR DE LA INTERACCIÓN CÉLULA 
INMUNE-HEPATOCITO
2.1. ICAM-1 hepático se asocia a ERM a través de su segmento 
citoplásmico, requerido para la localización apical del receptor.
Se han descrito múltiples proteínas de membrana que pueden asociarse a ERM, entre ellas re-
ceptores de adhesión presentes en leucocitos y/o células endoteliales como ICAM-1-3, CD44, 
CD43 y L-Selectina (Heiska et al., 1998) (Bretscher et al., 2002). En concreto para ICAM-1, 
se ha identificado una secuencia de cinco aminoácidos básicos (RKIKK) en su segmento cito-
plásmico crítica para la interacción del receptor con ERMs, su localización en los microvilli 
endoteliales y la adhesión y transmigración leucocitaria (Oh et al., 2007).  Mediante ensayos 
de asociación hemos demostrado que los tres residuos de lisina comprendidos en el motivo 
RKIKK son fundamentales para la interacción de ICAM-1 con ezrina y radixina en células 
hepáticas. Sin embargo ICAM-1 hepatocitario no sólo requiere su dominio citoplásmico para 
asociarse a las proteínas ERM en la membrana plasmática, sino también para localizarse en el 
dominio apical enriquecido en ERM fosforiladas. Nuestros datos sugieren que, además de es-
tabilizar ICAM-1 en la membrana basolateral en condiciones de daño hepático o inflamación, 
las proteínas ERM sean probablemente también necesarias para la retención apical de ICAM-1 
en hepatocitos polarizados, al igual que se ha descrito para otras proteínas transmembrana 
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como Mrp2 (Kikuchi et al., 2002). A pesar de ello, la construcción de ICAM-1 sin el segmento 
citoplásmico continúa localizándose en parte en el dominio apical, por lo que no puede descar-
tarse la existencia de interacciones a través de su extremo extracelular que contribuyan también 
a la polarización del receptor. Otros candidatos a unirse al dominio extracelular de ICAM-1 en 
los lúmenes apicales hepáticos podrían pertenecer a las familias de las mucinas, como MUC-1. 
Las mucinas son glicoproteínas de localización apical,  sintetizadas por las células epiteliales, 
que pueden actuar como receptores transmembrana señalizando a través de sus extremos cito-
plásmicos o bien ser secretadas al espacio intraluminal para proteger la superficie mucosa de 
sustancias tóxicas presentes en fluidos corporales como la bilis. La interacción entre ICAM-1 
y la mucina transmembrana MUC-1 se ha descrito en otros tipos celulares (Shen et al., 2008) 
y su expresión se ha detectado in vivo en muestras humanas de carcinomas hepatocelulares 
(Cao et al., 1999) y en colangiocitos (Vandenhaute et al., 1997), por lo que resulta tentador es-
pecular sobre una posible interacción entre ambas proteínas en el lumen apical de estas células. 
Aunque en hepatocitos no transformados su expresión es negativa, MUC-1 es una mucina cuya 
expresión se incrementa en respuesta a TNF-a, por lo que su posible interacción con ICAM-1 
en células epiteliales polarizadas podría depender de su estimulación inflamatoria.
2.2. Doble rol de la maquinaria proteica ERM-ICAM-1 en células 
parenquimales hepáticas.
En hepatocitos polarizados las proteínas ERM cumplen roles muy diferentes a aquellos des-
critos para la transmigración leucocitaria a través de la monocapa endotelial. ERM regulan 
la polaridad hepatocelular: se localizan en el canalículo biliar modulando los microvilli cana-
liculares y la localización apical de transportadores como Mrp2 (Kikuchi et al., 2002) (Wang 
et al., 2006). Sin embargo, como se ha explicado anteriormente, nuestros resultados sugieren 
que la interacción de ERM con ICAM-1 podría participar en la interacción entre leucocitos 
y hepatocitos. Nuestra propuesta es que este doble rol constituye la base molecular de la re-
lación inversa encontrada entre polaridad hepatocelular y adhesión leucocitaria. Cuando se 
encuentran confinadas a los microvilli canaliculares, las proteínas ERM regulan la polaridad 
hepatocelular y la secreción biliar a la vez que contribuyen a atenuar la respuesta inmune 
confinando receptores de adhesión. En respuesta a daño hepático o inflamación persistente, 
dicha maquinaria deja de jugar un papel en el mantenimento de la polaridad canalicular, se 
expone al espacio extracelular y cumple funciones haptotácticas de manera similar a lo que 
ocurre en el endotelio (Barreiro et al., 2002) (Reglero-Real et al., 2012) (Fig. 36). Los futuros 
estudios sobre la función de ERM hepáticas pueden contribuir a dilucidar nuevas posibilida-
des terapéuticas para controlar la función hepática durante la respuesta inflamatoria. 
Probablemente la doble función descrita para ERM e ICAM-1 puede extenderse a otra ma-
quinaria proteica, y sería interesante comprobar si los hepatocitos sanos utilizan el mismo 
mecanismo para mantener “ocultos” a las células inmunes distintos receptores de adhesión. 
JAM-A, por ejemplo, es un componente de las uniones estrechas que pertenece a la superfa-
milia de las inmunoglobulinas y media la transmigración leucocitaria endotelial (Bradfield et 
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al., 2007). Este receptor resulta además clave en la regulación de la polaridad en células inmu-
nes y epiteliales (Bradfield et al., 2007), y tanto la ausencia como la sobreexpresión de JAM-
A impiden la adquisición por los hepatocitos de un fenotipo polarizado (Braiterman et al., 
2008) (Konopka et al., 2007). Además de regular la polaridad hepatocelular resulta plausible 
que este receptor intervenga en la interacción leucocito-hepatocito en células parenquima-
les dañadas que hayan perdido la integridad canalicular. Otro candidato a desempeñar una 
función similar a la de ICAM-1 en el parénquima hepático es el receptor CD44. Al igual que 
ICAM-1, CD44 es una proteína transmembrana tipo I que se localiza apicalmente en células 
epiteliales y señaliza al citoesqueleto de actina a través de su interacción con las proteínas 
ERM (Yonemura and Tsukita, 1999) (Pure and Cuff, 2001). Este receptor está implicado en 
las interacciones célula-célula y célula-matriz, siendo el ácido hialurónico su ligando princi-
pal. CD44 presenta una distribución ubicua, y su expresión hepatocelular ha sido descrita en 
líneas celulares derivadas de hepatoma como HepG2 (Mi et al., 2012) (Phillips et al., 2012) 
e in vivo en hepatocitos transformados, mientras que no se ha llegado a detectar en hígados 
de controles sanos (Seelentag et al., 1995). Es más, la interacción entre CD44 y las proteínas 
ERMs parece mediar la migración de células hepáticas inducida por la proteína X del virus de 
la hepatitis B (Lara-Pezzi et al., 2001). Por otra parte, además de participar en la migración y 
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Figura 36. Doble rol de la maquinaria proteica ERM-ICAM-1 en el parénquima hepático. 
(a) En hepatocitos polarizados ICAM-1 es capaz de alcanzar la membrana basolateral pero es redirigido al canalículo 
biliar, dónde probablemente juegue un papel en el mantenimiento de la integridad canalicular junto con las proteínas 
ERM. (b) En respuesta a la despolarización ICAM-1 y ERM aparecen expuestos al espacio extracelular favoreciendo la 
interacción entre leucocitos y hepatocitos. ICAM-1 se encuentra anclado al citoesqueleto de actina a través de la interac-
ción de su cola citoplásmica con las proteínas ERM.
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proliferación celular, procesos asociados a la remodelación tisular y a la metástasis tumoral, 
CD44  regula el desanclaje de linfocitos adheridos a la superficies epiteliales (Brazil et al., 
2010). Por tanto, en el contexto de la trasformación de células hepáticas, la regulación de 
la polaridad y/o expresión de este receptor también podría  ayudar a las células del sistema 
inmune a reconocer células parenquimales despolarizadas y con una capacidad migratoria pa-
tológica. 
 
3. LOS HEPATOCITOS POLARIZADOS PREVIENEN 
LA EXPOSICIÓN DE ICAM-1 A CÉLULAS INMUNES 
REDIRIGIENDO EL RECEPTOR DESDE LA MEMBRANA 
BASOLATERAL AL CANALÍCULO BILIAR 
Se ha propuesto que en hepatocitos polarizados algunos receptores transmembrana como la 
dipeptidil peptidasa IV, o el receptor de inmunoglobulina polimérica A (pIgA-R) son confi-
nados en la membrana apical mediante  una ruta de transporte denominada indirecta que 
incluye la localización basolateral inicial seguida de transcitosis desde el dominio basolateral 
hasta el apical (Bastaki et al., 2002). A través de diferentes estrategias experimentales hemos 
demostrado la existencia de un transporte en la dirección basolateral-apical para ICAM-1 en 
células HepG2. La fotoactivación selectiva de ICAM-1-paGFP en el dominio apical nos ha per-
mitido además demostrar que el receptor se encuentra firmemente confinado en el canalículo 
biliar, probablemente a través a su interacción con el citoesqueleto de actina descrita en el 
apartado anterior. Por tanto, el transporte desde la región basolateral hasta la membrana 
apical y el posterior confinamiento del receptor en este dominio explican la segregación de 
ICAM-1 fuera de la membrana basolateral hepatocitaria, que es accesible desde los sinusoides 
y el resto del parénquima, a pesar de que la existencia de una ruta de transporte apical di-
recto para ICAM-1 no se puede descartar con estos experimentos. Por consiguiente, además 
de las proteínas conectoras que estabilizan ICAM-1 en distintos dominios de membrana, la 
maquinaria de transcitosis que gobierna el tráfico basolateral-apical en hepatocitos propor-
cionaría un segundo conjunto de potenciales dianas terapéuticas  para modular la exposi-
ción de receptores de adhesión a células inmunes infiltradas en el parénquima hepático. Esta 
maquinaria hepática incluye la proteína MAL2, un miembro de la familia de proteínas MAL 
que se caracteriza por residir en balsas lipídicas de membrana. MAL2 está involucrada en el 
transporte vesicular polarizado e interacciona con la formina invertida INF2, regulada por la 
Rho-GTPasa Cdc42 (de Marco et al., 2002) (Madrid et al., 2010). INF2 emite cometas de ac-
tina desde la región apical a la basolateral que guían el compartimento sub-apical de MAL2 y 
provocan su encuentro con el material internalizado desde la membrana basolateral (Madrid 
et al., 2010). Por otra parte, ICAM-1 se recluta a balsas lipídicas de membrana en respuesta 
a la unión de sus ligandos o de anticuerpos específicos en células endoteliales (Tilghman and 
Hoover, 2002), localizándose particularmente en dominios ordenados de membrana deno-
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minados caveolas, que son vesículas recubiertas por la proteína caveolina. La transcitosis del 
receptor en estas vesículas desde la superficie luminal a la región basal regula la vía de trans-
migración endotelial transcelular (Millan et al., 2006). Tanto la maquinaria asociada a MAL-2 
como el sistema caveolar son potenciales reguladores de la localización polarizada de ICAM-1 
y, por tanto, de las interacciones leucocito-hepatocito.
4. ASPECTOS FUNCIONALES DE LA EXPOSICIÓN 
HEPATOCITARIA DE ICAM-1 AL ESPACIO 
EXTRACELULAR
4.1. Función haptotáctica de ICAM-1
Durante la migración intersticial por el parénquima los leucocitos desarrollan un movimiento 
ameboide que permite escanear la superficie de las células parenquimales y detectar la presen-
cia de receptores de adhesión que utilizarán para desplazarse mediante un mecanismo cono-
cido como haptoquinesis (Friedl and Weigelin, 2008). Tanto la función inmune innata como 
adquirida dependen de la migración intersticial leucocitaria, por lo que la regulación de este 
proceso puede suprimir la inflamación innecesaria o estimular respuestas inmunes insuficien-
tes. Recientemente se ha demostrado además que la inmunovigilancia hepática cumple un pa-
pel central en la eliminación de células transformadas, para lo que resulta imprescindible que 
las células inmunes reciban información de los hepatocitos no funcionales en el parénquima 
(Kang et al., 2011).
Nuestros resultados in vitro y el análisis de diversas muestras de tejido indican que, además 
de la existencia de gradientes quimiotácticos, la polaridad hepatocelular y la extensión de la 
respuesta inflamatoria pueden contribuir a proporcionar pistas haptotácticas para los leucocitos 
infiltrados a través de la exposición de receptores de adhesión por parte de los hepatocitos. 
Este mecanismo permitiría a las células inmunes discriminar entre hepatocitos despolarizados 
y disfuncionales y aquellos que conserven su polaridad y se encuentren todavía operativos 
(Fig. 37). De acuerdo a esta hipótesis, la interacción de ICAM-1 expuesto en la membrana sin-
usoidal de hepatocitos disfuncionales con las integrinas β2 de linfocitos T CD8 activos o neu-
trófilos permitiría el contacto cercano entre célula diana y efectora, facilitando, por ejemplo, la 
liberación de gránulos citotóxicos y especies reactivas de oxígeno al citoplasma de los hepato-
citos, lo que causaría la muerte por necrosis de la célula parenquimal despolarizada (Jaeschke 
and Hasegawa, 2006).  Además se ha propuesto que los microvilli de los hepatocitos pueden 
pasar a través de las fenestraciones sinusoidales, alcanzar el torrente sanguíneo y así contribuir 
a la transmigración de leucocitos (Warren et al., 2006) (Edwards et al., 2005), por lo que, según 
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este modelo, la despolarización de ICAM- l en hepatocitos dañados o inflamados intervendría 
directamente en el reclutamiento de nuevas células inmunes desde los sinusoides. 
In vivo, la identificación de las estructuras canaliculares por CD10 y el marcaje de ICAM-1 en 
cortes seriados de tejido hepático con hepatitis B y C crónica nos ha permitido observar que el 
receptor se acumula en los canalículos biliares en áreas donde todavía se conserva la integridad 
tisular, mientras que los hepatocitos con pérdida de polaridad apicobasal exhiben una distribu-
ción de ICAM-1 por toda la superficie celular. También hemos detectado hepatocitos con una 
distribución despolarizada de ICAM-1 pero donde CD10 todavía marca estructuras canalicula-
res, lo que sugiere que, en un contexto de inflamación crónica, existen mecanismos adicionales 
que inducen la acumulación de ICAM-1 en la membrana basolateral hepátocítica. Estos datos, 
además, concuerdan con estudios previos de hígados infectados por HBV donde se describe el 
confinamiento canalicular de ICAM-1 en hígados con infección de HBV leve, mientras que en 
condiciones de inflamación severa y notable infiltrado leucocitario ICAM-1 presenta una dis-
tribución no polarizada (Doi et al., 1994). Las infecciones agudas por HBV y HCV reducen la 
polaridad hepatocelular y contribuyen al desarrollo de un fenotipo hepatocelular transformado 
(Akkari et al., 2012) (Kew, 2011; Wilson et al., 2012), por lo que hipotetizamos que la expo-
sición basolateral de ICAM-1 puede ayudar a las células inmunes a detectar hepatocitos en 
estados avanzados de infección viral. Por otra parte, nuestros resultados acerca del efecto de la 
estimulación a largo plazo con TNF-a sobre la polaridad de ICAM-1, que se discuten en más 
detalle en apartados posteriores, sugieren que una inflamación persistente, como la que ocurre 
Figura 37. La polaridad apicobasal de células hepáticas regula la respuesta inflamatoria en el hígado.  
Nuestra propuesta es que la polaridad hepatocelular y la inflamación crónica pueden contribuir generar un gradiente 
haptotáctico para los leucocitos infiltrados a través de la exposición de receptores de adhesión por parte de los hepa-
tocitos. Este mecanismo permitiría a las células inmunes discriminar entre hepatocitos despolarizados y disfuncionales y 
aquellos que conserven su polaridad y se encuentren todavía operativos.
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en hígados con infección crónica de hepatitis B y C, podría subyacer a la mencionada localiza-
ción basolateral de ICAM-1 que se detecta en hepatocitos polarizados en estados avanzados de 
estas patologías.
4.2. Rol de ICAM-1 en la tolerancia inmune y presentación antigénica.
Además de contribuir al gradiente haptotáctico que favorece la migración intersticial de los 
leucocitos a través del parénquima hepático, la exposición de ICAM-1 hepatocelular al espacio 
extracelular puede tener otras consecuencias. Se ha propuesto que el hígado cumple un papel 
único en el sistema inmune y que podría competir con los nódulos linfáticos en la activación 
de linfocitos T “naive” o vírgenes (Holz et al., 2010) en procesos de tolerancia inmunológica. 
La activación de linfocitos T vírgenes requiere el entrecruzamiento de su receptor, TCR (T cell 
receptor) por moléculas del complejo mayor de histocompatibilidad (MHC) unidas al antíge-
no correspondiente, así como la interacción entre moléculas coestimuladoras en la superficie 
de las células presentadoras de antígeno y sus ligandos linfocitarios (Dubey and Croft, 1996). 
En el hígado existen numerosas células con capacidad de presentación antigénica, pero en 
concreto los hepatocitos exponen en su membrana basolateral moléculas MHC capaces de 
activar linfocitos T. Los hepatocitos expresan MHC tipo I bajo condiciones normales (Warren 
et al., 2006) que aumentan en respuesta a citoquinas proinflamatorias (Cruickshank et al., 
1998), mientras que la expresión de MHC tipo II  únicamente se ha detectado en higados 
infectados con virus de la hepatitis (Franco et al., 1988). Además, la interacción entre el TCR 
y el complejo antígeno-MHC es de baja afinidad y la adhesión entre la célula T y célula pre-
sentadora debe ser estabilizada para alcanzar el umbral de activación adecuado en cada caso 
(Dubey and Croft, 1996).  En los hepatocitos, la unión de ICAM-1 a las integrinas LFA-1 y 
Mac-1 linfocitarias contribuiría a estabilizar esta interacción linfocito-hepatocito implican-
do que la célula hepática desempeñe un papel en la activación linfocitaria además de actuar 
como diana inmunológica.  Los linfocitos T vírgenes carecen de las moléculas necesarias para 
atravesar las barreras endoteliales, pero, como se ha mencionado la arquitectura singular del 
sinusoide facilita el contacto a través de sus fenestraciones entre las células inmunes y las 
parenquimales. (Warren et al., 2006). Esto permitiría que los linfocitos T escaneen directa-
mente la superficie hepatocitaria en busca de la presentación de antígenos sin la necesidad 
de  abandonar los sinusoides, favorecidos por el estrecho diámetro sinusoidal, el lento flujo 
sanguíneo y la ausencia de membrana basal.
 Se ha comprobado que los linfocitos T CD8 pueden ser activados por MHC de clase I hepato-
cíticas de un modo en que las células inicialmente proliferan pero mueren de forma temprana 
por apoptosis (Bertolino et al., 1998). Esta activación se ha relacionado con la función del 
hígado como órgano que fomenta la tolerancia inmune hacia antígenos inocuos procedentes 
del tracto gastrointestinal (Holz et al., 2010). Hay que subrayar que la proliferación de células 
T mediada por hepatocitos es independiente de CD28, pero depende del papel coestimulador 
de la interacción ICAM-1/LFA-1 (Bertolino et al., 1998). La coestimulación por ICAM-1/LFA-
1 induce en células T vírgenes una proliferación inicial y una muerte posterior por apoptosis 
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(Zuckerman et al., 1998), como la observada tras la estimulación por hepatocitos,  mientras 
que en células T Th1 induce anergia (Zuckerman et al., 1998), unas respuestas en el linfocito 
que se consideran de tipo tolerogénico. Por tanto, puesto que los hepatocitos carecen de mo-
léculas coestimuladoras B7 para interaccionar con el coestimulador linfocítico CD28 (Holz et 
al., 2010), la presencia de ICAM-1 en el dominios basolaterales de membrana podría contri-
buir a regular la tolerancia inmune coestimulando durante la presentación antigénica por he-
patocitos. Aunque nuestros resultados indican que la exposición de ICAM-1 hepatocítico a las 
células inmunes ocurre en respuesta a la pérdida de polaridad apicobasal o a la inflamación, 
hemos detectado una fracción del receptor que se sitúa en la membrana basolateral de células 
hepáticas en condiciones normales, probablemente en su ruta transcitótica hacia el dominio 
apical. Por otro lado, desconocemos si ICAM-1 es capaz de acumularse en el dominio basola-
teral de los hepatocitos en condicones de presentación antigénica. Se ha demostrado que la 
retención de linfocitos que reconocen específicamente un antígeno presentado por hepato-
citos puede ser bloqueada con anticuerpos bloqueantes de ICAM-1 e ICAM-2 (Warren et al., 
2006), aunque la función de estos coreceptores expresados por el hepatocito en la regulación 
de la tolerancia inmunológica mediada por el hígado no ha sido formalmente demostrada in	
vivo por el momento.
Los hepatocitos intervienen también en la tolerancia inmune provocando la eliminación de 
células T autoreactivas activadas en el hígado. Se ha demostrado que la trasferencia de linfo-
citos T autoreactivos en modelos murinos de autoinmunidad no induce ninguna patología 
autoinmune porque dichos linfocitos son eliminados en el hígado por las células hepáticas 
(Benseler et al., 2011). Los hepatocitos eliminan estas células mediante un proceso deno-
minado emperipolesis, en el que el linfocito se adhiere y penetra en la célula hepática para 
terminar degradándose en el compartimento lisosomal (Benseler et al., 2011). La emperopo-
lesis presenta muchas similitudes con la migración transendotelial transcelular en el que los 
linfocitos emiten podosomas que invaden y abren canales en las células endoteliales para pos-
teriormente atravesarlas (Carman et al., 2007). Este  mecanismo implica la internalización de 
ICAM-1 en caveolas y su transcitosis desde la región luminal a la basal (Millan et al., 2006). 
Puesto que el paralelismo entre ambos procesos parece evidente, resulta tentador especular 
que, para guiar la internalización de linfocitos T autoreactivos adheridos al hepatocito, estos 
utilicen el tráfico de ICAM-1 desde la región basolateral a la apical descrito en este trabajo 
para guiar el proceso de invasión intracelular de modo parecido a l diapédesis transcelular. 
Por otro lado, la emperipolesis se ha observado también en muestras de pacientes con he-
patitis B y C (Dienes, 1989), y se ha descrito que distintas líneas celulares tumorales, entre 
ellas HepG2, pueden internalizar células NK sanas y producir intracelularmente su muerte 
por apoptosis (Wang et al., 2009b). En estos  casos la célula tumoral internaliza al leucocito 
mediante un mecanismo dependiente de ezrina (Wang et al., 2009b). ICAM-1 expuesto al 
espacio extracelular en los hepatocitos dañados o transformados podría intervenir en este 
proceso mediante su interacción con ERM y la formación de “estructuras de anclaje” que he-
mos descrito en células parenquimales y que se asemejan a las proyecciones de membrana 
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endoteliales encargadas de rodear a los leucocitos durante su transmigración. Proponemos 
por tanto que la polaridad hepatocelular y el tráfico del receptor ICAM-1 podrían regular el 
fenómeno de la emperipolesis controlando la localización de receptores de adhesión y, una 
vez más, la respuesta inmune hepática.
5. LA ESTIMULACIÓN POR TNF-a A LARGO PLAZO 
AUMENTA LA EXPOSICIÓN BASOLATERAL DE  
ICAM-1 A TRAVÉS DE LA ACTIVACIÓN DE ERM  
VÍA PKC Y ROCK. 
Durante este trabajo hemos comprobado que la estimulación a largo plazo de hepatocitos 
con citoquinas proinflamatorias como el TNF-a aumenta la exposición basolateral de ICAM-
1 y ERM manteniendo la integridad canalicular. Esto explicaría la distribución de ICAM-1 
observada en muestras humanas de hepatopatías crónicas como hepatitis B y C, donde el re-
ceptor se localiza tanto en la membrana basolateral como en el dominio apical hepatocíticos, 
sugiriendo que la intensidad de la  respuesta inflamatoria puede regular la accesibilidad de la 
maquinaria de adhesión a las células inmunes.
Nuestros resultados sugieren que la activación basolateral de ERM en respuesta a TNF-a 
es responsable de la acumulación de ICAM-1 en este dominio, probablemente reteniendo el 
receptor a través de su anclaje al citoesqueleto de actina por su extremo citoplásmico. Asi-
mismo hemos comprobado que las quinasas ROCK y PKC clásica regulan la fosforilación de 
ERM hepatocelulares en respuesta a TNF-a. Estos datos concuerdan con resultados previos 
obtenidos en otros tipos celulares que demuestran la implicación de esta maquinaria en la 
fosforilación de las proteínas ERM (Aranda et al., 2013) (Hirao et al., 1996) y la activación de 
las rutas de señalización mediadas por RhoA-ROCK y  PKC en respuesta a TNF-a (Nwariaku 
et al., 2003) (Ferro et al., 2000) (Fernandez-Martin et al., 2012). Para conseguir una dismi-
nución estadísticamente significativa de la fosforilación de ERM fue necesario inhibir ROCK 
y PKC clásica de manera conjunta, lo que sugiere que las dos quinasas tienen efecto aditivo 
y descarta que ambas estén implicadas en la misma ruta de señalización activada por TNF-a 
como ocurre en otros contextos celulares (Peng et al., 2011). A pesar de ello estos experimen-
tos no excluyen la posibilidad de que otra maquinaria regule la actividad de ERM en hepato-
citos en respuesta a la inflamación. Nuestra hipótesis es que el tratamiento de hepatocitos 
con TNF-a probablemente incremente la activación y localización en membrana de PKC-a 
al igual que sucede en células endoteliales (Ross and Joyner, 1997). El mecanismo por el que 
esta citoquina activa PKC-a no está descrito al detalle, aunque se ha demostrado que TNF-
a puede activar PC-PLC (fosfatidilcolina fosfolipasa C) (Schutze et al., 1991) a través de su 
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receptor p55 (Schutze et al., 1992) (Machleidt et al., 1996) lo que activaría PKC-a a través de 
la unión de diacilglicerol y calcio intracelular a sus dominios reguladores. Por otro lado, tam-
poco se conoce en detalle la ruta por la que TNF-a activa la ruta de Rho-ROCK. Es probable 
que GEF-H1 sea la GEF más relevante RhoA en respuesta a esta citoquina (Kakiashvili et al., 
2009) (Kakiashvili et al., 2011), aunque se desconoce si en el epitelio hepático juega una fun-
ción central en la activación de Rho durante la inflamación. Por otra parte, las proteínas ERM 
son capaces de activar RhoA a través de su unión a  RhoGDI (Rho-GDP dissociation inhibitor) 
(Takahashi et al., 1997) (Ivetic and Ridley, 2004),  una conexión molecular que permitiría que 
la activación de ERM dependiente de PKC clásicas contribuyera a la activación de Rho-ROCK 
en el contexto inflamatorio, estableciendo un posible mecanismo de retroalimentación en el 
que las proteínas ERM regularían su propia activación y la de la rutas de señalización depen-
dientes de Rho. 
Por otra parte, existe cierta controversia acerca de si estas quinasas, y en particular ROCK, 
fosforilan directamente la treonina en el dominio citoplásmico que induce una conformación 
abierta en las ERMs. Mientras que el dominio catalítico ROCK puede fosforilar estas proteí-
nas in vitro (Matsui et al., 1998), estudios posteriores sugieren que RhoA controla la fosfo-
rilación de proteínas ERM a través de otro efector, fosfatidilinositol 4-fosfato 5-quinasa tipo 
1 alfa (PI4P5K) que regula la generación de PIP2, que a su vez induciría la fosforilación de 
ERMs por una quinasa diferente a ROCK (Matsui et al., 1999). Sin embargo, otros grupos han 
demostrado un efecto claro de la inhibición de ROCK en la fosforilación y activación de estas 
proteínas (Hebert et al., 2008) (Wang et al., 2009a), por lo que es probable que la regulación 
de su fosforilación dependa del tipo celular y del estímulo. En células endoteliales, TNF-a 
induce las fosforilación de ERM por mecanismos dependientes de PKC y p38MAPK (Koss et 
al., 2006). Sin embargo, en HepG2, la inhibición de p38 no parece tener un efecto significativo 
sobre la fosforilación de estas proteínas (datos no mostrados). 
Puesto que la inhibición de PKCa y ROCK en presencia de TNF-a recupera la polaridad de 
ICAM-1 en hepatocitos, futuros estudios sobre la modulación de la actividad de estas quina-
sas y su efecto sobre las proteínas ERM pueden contribuir a dilucidar nuevas posibilidades 
terapéuticas para controlar la exposición de receptores de adhesión leucocitarios durante la 
respuesta inflamatoria hepática. 
A pesar de que la estimulación durante 24 horas con TNF-a tuvo efectos mínimos sobre la po-
laridad de las células HepG2, existe evidencia indicando que la permeabilidad de las uniones 
estrechas hepatocitarias se altera tras este tratamiento (Mee et al., 2009). La integridad de las 
uniones estrechas es esencial para el mantenimiento de los lúmenes canaliculares (Braiterman 
et al., 2008), y tanto la modificación directa de sus componentes como su regulación indirecta 
a través del citoesqueleto de actina pueden perturbar la permeabilidad de estas estructuras. 
La estimulación de células epiteliales con citoquinas proinflamatorias que provoca la forma-
ción de fibras de estrés. Esto genera un aumento de la contracción mediada por actomiosina 
que lleva a la desorganización de las uniones intercelulares por tensión mecánica y al aumento 
de la permeabilidad (Harhaj and Antonetti, 2004) (Ivanov et al., 2010). Aunque en esta tesis 
se ha analizado la integridad de las uniones estrechas hepatocelulares tras 24 horas de esti-
mulación con TNF-a, encontrándose diferencias poco significativas (datos no mostrados), no 
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se puede descartar un efecto de la citoquina sobre la remodelación del citoesqueleto de actina 
que aumente la permeabilidad de las uniones estrechas y, en respuesta a una estimulación 
más prolongada, sea responsable de ocasionar la pérdida de las estructuras canaliculares. La 
activación por TNF-a de las proteínas ERM en la membrana basolateral podría favorecer este 
proceso aumentando la tensión del anillo contráctil de F-actina en esta región. De acuerdo 
con esta hipótesis se ha descrito que la sobreexpresión durante más de 24 horas del mutan-
te constitutivamente fosforilado de radixina altera la polaridad apicobasal en células WIF-B 
(Suda et al., 2011), y el aumento de fosforilación de las proteínas ERM se ha relacionado con 
el colapso de las uniones estrechas en células epiteliales (Naydenov et al., 2009). Por otra 
parte, además de regular la fosforilación de las proteínas ERM en hepatocitos como hemos 
podido comprobar aquí, la activación de las isoformas clásicas de PKC provocan colestasis y 
pérdida de polaridad hepatocelular a través de la alteración del tráfico intracelular polarizado 
(Kubitz et al., 2001) (Zegers and Hoekstra, 1997). Ya sea como consecuencia de la reorga-
nización del citoesqueleto de actina, de la modificación o relocalización de elementos de las 
uniones estrechas o de su efecto pro-apoptótico (Tacke et al., 2009), no se puede descartar un 
efecto despolarizante de una inflamación crónica mediada por TNF-a.
6. ENFERMEDAD INFLAMATORIA Y POLARIDAD. 
El objetivo de muchas aproximaciones terapéuticas para combatir una inflamación hepática 
exacerbada o inadecuada consiste en bloquear la respuesta inmune de manera inespecífica 
antagonizando el efecto de distintas citoquinas proinflamatorias. Esto implica una inmuno-
supresión no deseada del individuo con la consiguiente susceptibilidad a sufrir nuevas in-
fecciones. Sin embargo, nuestro trabajo revela que las células parenquimales hepáticas no 
son dianas pasivas del ataque leucocitario, sino que a través de la exposición de moléculas 
de adhesión son capaces de regular el reclutamiento de células inmunes. La inflamación pro-
voca que estas moléculas de adhesión se hagan más accesibles a los leucocitos infiltrados, 
sugiriendo que los hepatocitos desempeñan un rol crítico en la regulación de la migración 
y el posicionamiento de células inmunes sobre el parénquima hepático. La disección de las 
rutas celulares y moleculares que advierten al sistema inmune durante el daño hepático, in-
cluyendo aquellas que coreografían el reclutamiento de leucocitos y su migración intersticial 
hacia el lugar dañado, tienen el potencial de permitir el desarrollo de nuevas estrategias tera-
péuticas que modulen la inflamación hepática sin comprometer la respuesta inmune global. 
Basándonos en nuestros resultados, el confinamiento de ICAM-1 al canalículo biliar a través 
de estrategias polarizantes como el tratamiento con análogos del cAMP podría disminuir la 
destrucción innecesaria del parénquima. Por ello, el desarrollo de fármacos que modulen la 
polaridad hepatocelular resultaría útil en un contexto de daño hepático fulminante causado 
por la infiltración masiva de neutrófilos en el parénquima, así como en enfermedad autoin-
mune o rechazo de un aloinjerto hepático para evitar la acción citolítica linfocitaria sobre los 
hepatocitos reconocidos como extraños. De igual modo esta estrategia podría ser adecuada 
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para reducir la infección por HCV, ya que la polaridad hepatocelular restringe la entrada del 
virus en hepatocitos (Mee et al., 2009). Por otra parte, además de activar vías intracelulares 
específicas influenciando el destino celular de los hepatocitos (Tacke et al., 2009), este traba-
jo demuestra que TNF-a puede modular la distribución polarizada de receptores de adhesión. 
Por ello moléculas que se encuentren en la cascada de señalización de TNF-a, como PKC clá-
sicas o ERM, representan también posibles dianas terapéuticas para regular la exposición de 
receptores de adhesión hepatocitarios a células inmunes infiltradas. De modo interesante se 
ha implicado a ERM en la regulación de Epac y PKA (Dransfield et al., 1997) (Gloerich et al., 
2010), maquinaria que se activan por AMPc y modula la polaridad hepatocelular (Zegers and 
Hoekstra, 1997) (Fu et al., 2011). Las proteínas ERM activas controlan la distribución y fun-
ción de Epac y PKA, anclándolas a la membrana plasmática y contribuyendo a la formación de 
plataformas de señalización en distintas localizaciones de membrana. La modulación especí-
fica de la actividad de ERM hepatocitarias permitiría regular tanto la polaridad hepatocelular 
en un contexto de daño hepático agudo como la exposición de receptores de adhesión en 
hepatopatías de componente inflamatorio crónico.
Los mecanismos de polaridad apicobasal se encuentran conservados en distintos epitelios, 
dónde la accesibilidad de células inmunes al lumen de las cavidades internas es menor que 
en el espacio parenquimal (Weisz and Rodriguez-Boulan, 2009). Por tanto, la polarización de 
receptores epiteliales que intervengan en la adhesión y activación de células inmunes puede 
constituir un mecanismo para prevenir la exacerbación de la respuesta inmune que no se 
encuentra únicamente restringido al tejido hepático. La distribución apical de ICAM-1 en un 
contexto inflamatorio se ha descrito también en el epitelio intestinal, donde este receptor 
media la adhesión a la membrana apical de neutrófilos presentes en el lumen intestinal y su 
posterior transmigración en dirección apical-basolateral (Parkos et al., 1996). Durante la en-
fermedad inflamatoria intestinal, un síndrome idiopático que cursa con inflamación crónica 
y se caracteriza por un aumento de la permeabilidad de la barrera epitelial intestinal, se alte-
ran componentes implicados en mantener la polaridad de las células epiteliales (Wald et al., 
2011). Una de las aproximaciones terapéuticas actuales para tratar esta patología se basa en 
el uso de anticuerpos monoclonales dirigidos contra TNF-a (Infliximab), que presentan am-
plios efectos secundarios como consecuencia de la supresión de la respuesta inmune (Bradley, 
2008). La regulación de la polaridad del parénquima intestinal puede suponer una estrategia 
terapéutica alternativa para esta enfermedad libre de efectos inmunosupresores. Puesto que 
la pérdida de polaridad es un rasgo general de disfunción epitelial, nuestra propuesta es que 
la exposición diferencial de receptores de adhesión, que ocurre como consecuencia de este 
proceso, constituye un paso de control inmune para mantener los tejidos epiteliales libres 
de células dañadas o transformadas. En el futuro, el tratamiento de patologías inflamatorias 
crónicas deberá incluir dianas terapéuticas que regulen la respuesta inflamatoria tanto en 
leucocitos como en células parenquimales.
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1. La pérdida de polaridad apicobasal aumenta la adhesión de linfocitos T a    
 células hepáticas.
2. El receptor ICAM-1 se localiza en el canalículo biliar de hepatocitos    
 polarizados in vitro e in vivo.
3. En respuesta a la pérdida de polaridad, los hepatocitos exponen ICAM-1 y ERM   
 activas desde el dominio canalicular al espacio extracelular accesible a linfocitos T, en  
 proyecciones de membrana tipo microvilli.
4. La adhesión de linfocitos a hepatocitos despolarizados depende de la expresión de  
 ICAM-1.
5. ICAM-1 puede alcanzar la membrana basolateral en hepatocitos polarizados pero se  
 redirige rápidamente al canalículo biliar, dónde se encuentra estrechamente   
 confinado.
6. ICAM-1 se asocia con las proteínas ERM en la membrana plasmática hepatocelular a  
 través de su segmento citoplásmico, el cual se requiere también para la localización  
 apical del receptor.
7. La estimulación a largo plazo con TNF-a aumenta la exposición de ICAM-1   
 basolateral a través de la activación de las proteínas ERM, la cual se encuentra   
 regulada por ROCK y las isoformas clásicas de PKC.
8. ICAM-1 pierde su polaridad apical en condiciones de fallo hepático agudo y en   
 hepatopatías crónicas que afectan a la arquitectura hepatocelular y cursan con una  
 inflamación persistente.
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1. Loss of hepatocellular polarity increases lymphocyte adhesion to hepatic cells.
2. Polarized hepatocytes segregate the ICAM-1 receptor into bile canaliculi in vitro and  
 in	vivo.
3. Upon hepatic cell depolarization, canalicular ICAM-1 and activated ERM proteins are  
 exposed to immune cells in microvilli-like membrane projections.
4. Lymphocyte adhesion to depolarized hepatocytes depends on ICAM-1 expression.
5. In polarized HepG2 cells, ICAM-1 can reach the basolateral membrane but is rapidly  
 redirected to the apical domain, where it remains tightly confined.
6. ICAM-1 associates with ERM proteins at the plasma membrane through its   
 cytoplasmic tail, which is in turn required for ICAM-1 apical localization.
7 Long-term TNFa stimulation increases ICAM-1 basolateral exposure through   
 activation of ERM proteins, which is mediated by ROCK and classical PKC.
9. ICAM-1 losses its apical polarity in acute liver failure and chronic liver diseases that  
 affect hepatocyte architecture and are subjected to persistent inflammatory upset.
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Abstract Leukocyte trafficking from the bloodstream to
inflamed tissues across the endothelial barrier is an essential
response in innate immunity. Leukocyte adhesion, locomo-
tion, and diapedesis induce signaling in endothelial cells and
this is accompanied by a profound reorganization of the
endothelial cell surfaces that is only starting to be unveiled.
Here we review the current knowledge on the leukocyte-
mediated alterations of endothelial membrane dynamics and
their role in promoting leukocyte extravasation. The forma-
tion of protein- and lipid-mediated cell adhesion nanodomains
at the endothelial apical surface, the extension of micrometric
apical membrane docking structures, which are derived from
microvilli and embrace adhered leukocytes, as well as the
vesicle-trafficking pathways that are required for efficient
leukocyte diapedesis, are discussed. The coordination
between these different endothelial membrane-remodeling
events probably provides the road map for transmigrating
leukocytes to find exit points in the vessel wall, in a context of
severe mechanical and inflammatory stress. A better under-
standing of how vascular endothelial cells respond to immune
cell adhesion should enable new therapeutic strategies to be
developed that can abrogate uncontrolled leukocyte extrava-
sation in inflammatory diseases.
Keywords Diapedesis  Tetraspanins  Microvilli 
Docking structures  Transcellular  Caveolae 
PECAM-1  ICAM-1
Abbreviations
PMN Polymorphonuclear
FCS Fluorescence correlation spectroscopy
TIRF Total internal reflection fluorescence
FRET Fluorescent resonance energy transfer
FRAP Fluorescence recovery after photobleaching
TEM Transendothelial migration
BBB Blood–brain barrier
LBR Lateral border recycling
DRM Detergent-resistant membranes
Introduction
Endothelial cells line the inner surface of the vascular wall,
where they form a selective barrier that controls the pas-
sage of cells and small solutes between the blood and the
tissue. In response to tissue injury, the endothelium from
vessels surrounding the damaged area undergoes a local
increase of permeability to cells and solutes that is essential
for the inflammatory response [1, 2]. The increase in cell
extravasation is not a passive event, but involves the active
retention of blood cells, mainly leukocytes, on the endo-
thelial surface, and the subsequent promotion by the
endothelium of leukocyte extravasation toward the inter-
stitial space [3]. Leukocyte transmigration, when
pathologically altered, contributes to the development of a
range of proinflammatory diseases, such as atherosclerosis,
multiple sclerosis, and rheumatoid arthritis [4–6].
In the current paradigm of leukocyte transmigration,
different subsets of leukocyte and endothelial receptors
establish a cascade of interactions that involve initial leu-
kocyte tethering and rolling, firm adhesion, crawling or
locomotion on the luminal endothelial surface, and a final
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step of transendothelial migration (TEM), which is also
known as diapedesis [3, 7]. Loss-of-function strategies, like
blocking antibodies and genetic ablation, have enabled the
identification of many surface receptors involved in the
leukocyte–endothelial cell interaction [5, 8–15]. Intravital
microscopy studies have also provided clarification of the
chronological and hierarchical order of these interactions at
each step of the cascade [16, 17]. The most important
endothelial receptors involved in leukocyte transmigration
through blood vessels have been extensively reviewed
elsewhere and their roles often depend on the vascular bed
and the leukocyte type implicated in the interaction [17–
20]. In general, and from the endothelial side, initial leu-
kocyte tethering and rolling are mediated by E- and
P-selectin, and by carbohydrates exposed on the endothe-
lial surface that are able to engage leukocyte (L)-selectin
[21]. Intercellular adhesion molecule (ICAM)-1 and vas-
cular adhesion molecule (VCAM)-1 are adhesion receptors
of the immunoglobulin superfamily that are central players
in the subsequent step: leukocyte firm adhesion [22].
ICAM-1 and VCAM-1 also mediate locomotion of adhered
leukocytes on the endothelium and some features of dia-
pedesis [23]. Diapedesis mostly occurs through junctions
between two endothelial cells, in what is called a para-
cellular route. However, there exists an alternative
transcellular route in which leukocytes can traverse the
body of single endothelial cells [24]. A range of surface
receptors localized at endothelial cell–cell junctions inter-
acts with and facilitates extravasation of leukocytes
following paracellular diapedesis. The way each of these
receptors promotes local gap opening has been a matter of
intense investigation in recent years [25, 26]. For instance,
ICAM-1, VCAM-1, and some junctional proteins that
interact with the transmigrating leukocyte have the ability
to signal to and destabilize adherens junctions and, as a
consequence, promote a local increase in permeability [27–
29]. Some others, namely platelet endothelial cell adhesion
molecule (PECAM-1), promote plasma membrane exten-
sions at endothelial cell borders that also facilitate
diapedesis. Expression levels of ICAM-1 and probably
VCAM-1, also contribute to diapedesis by regulating the
balance between the paracellular and transcellular routes of
TEM [24, 30]. The molecular basis of this regulation will
be discussed in this review.
A basal rate of leukocyte trafficking through the circu-
latory system is necessary for immuno-surveillance.
However, leukocyte transmigration through vessels in the
proximity of an inflammatory focus is increased in a spatio-
temporally restricted manner. This increase is mediated by
inflammatory cytokines, such as TNF-a or IL-1b, which are
released by interstitial cells in response to the inflammatory
upset. These stimuli upregulate the expression of E-selec-
tin, ICAM-1, VCAM-1, and chemokines that are deposited
in the luminal endothelial glycocalyx, all of which promote
leukocyte capture and extravasation in the surroundings of
the inflammatory focus. In addition, in response to some of
these proinflammatory cytokines, junctional proteins
involved in diapedesis are partially dispersed from cell–cell
contacts and localize all over the luminal endothelial sur-
face. This suggests that these proteins may play a role away
from junctions in a proinflammatory context [31, 32].
Far from being passive agents exposing a plethora of
receptors on their surface, endothelial cells determine the
successful accomplishment of leukocyte extravasation by
eliciting crucial signaling responses upon leukocyte contact
[33]. In the multistep paradigm of leukocyte–endothelial
interaction, the first steps (tethering, rolling, and firm
adhesion) are more dependent on leukocyte behavior,
whereas endothelial cell responses contribute more to
modulate subsequent leukocyte locomotion and diapedesis.
So, near-physiological levels of leukocyte tethering, roll-
ing, and firm adhesion can be achieved in vitro in the
absence of endothelium by providing the correct combi-
nation of laminar flow and recombinant endothelial
molecules immobilized on a solid substrate [21, 34]. In
contrast, endothelial adhesion receptors can be individually
blocked with no apparent effect on leukocyte adhesion, but
with significant consequences for the ability of leukocytes
to crawl and find a passage for extravasation, indicating
that the role of these endothelial receptors goes beyond
their adhesive properties [30, 35]. Furthermore, altering the
signaling properties of some of these receptors, for exam-
ple ICAM-1, also has no effect on leukocyte adhesion but
impairs posterior leukocyte transmigration [36]. In addi-
tion, once the leukocyte is engaged in crossing the
endothelium, paracellular diapedesis can still be abrogated
or even reversed simply by blocking the endothelial
receptors involved in this step of transmigration [37].
These and several other lines of evidence indicate that
leukocytes can proactively initiate the sequence of inter-
actions that lead to the first immune reaction against tissue
injury, but also that endothelial cell responses are crucial
for the final outcome of this reaction, an efficient leukocyte
extravasation and arrival to the focus of the inflammation.
Leukocyte interaction with the endothelial cell must be
strong enough to overcome the shear stress from the blood
flow and transient enough to allow leukocyte locomotion
and egress from the vessel. The organization of the endo-
thelial cell surface, the biological fence facing the vessel
lumen, is thus essential to integrate signals from different
sources, such as mechanical forces, cytokine signaling and
cell–cell interactions. Research focused on the analysis of
leukocyte–endothelial interactions at the molecular level,
combining high-resolution and analytical microscopy with
sophisticated in vitro settings, has been developed over
recent years. These studies are finding that endothelial
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responses to leukocyte interaction involve a remarkable
reorganization of endothelial membranes, ranging from the
formation of nanodomains of adhesion receptors, based on
protein–protein and protein–lipid interactions, to the
extension of microvillus-like structures that engulf the
leukocyte, or the formation of invaginations when leuko-
cytes push down endothelial membranes during locomotion
Importantly, this endothelial remodeling does not seem
important for leukocyte adhesion itself but is essential for
diapedesis. Here we provide an overview of the effect of
leukocyte binding on the organization of the endothelial
surface.
Submicron organization of adhesion receptors
at the endothelial plasma membrane in response
to leukocyte interactions
The endothelial adhesion receptors ICAM-1 and VCAM-1
are glycoproteins with an N-terminal extracellular domain
containing five and seven immunoglobulin domains,
respectively. They have a single transmembrane span and a
short C-terminal cytoplasmic domain. ICAM-1 binding to
leukocyte b2-integrins and VCAM-1 binding to b1-integrins
mediate leukocyte adhesion to endothelial cells in most
vascular beds [38, 39]. The structure, localization, role and
dynamics of ICAM-1 and VCAM-1 are very similar, so it is
conceivable that they associate and form heteroligomers or
homoligomers. Using latex beads covered with anti-ICAM-1
or anti-VCAM-1 antibodies as surrogate leukocytes, van
Buul and colleagues [40] have demonstrated that one
receptor engagement induces association with the bead of the
other. Using a different strategy, Barreiro and colleagues
[41] have shown that cells overexpressing one type of inte-
grin, and therefore engaging mainly one adhesion receptor,
can indeed induce the recruitment of the other receptor to
leukocyte-endothelial contacts. Interestingly, FRET studies
have revealed the existence of ICAM-1 homotypic interac-
tions but not of VCAM-1 or of ICAM-1-VCAM-1
heterotypic complexes on the endothelial surface in the
absence of leukocytes. Accordingly, co-immunoprecipita-
tion experiments of unengaged ICAM-1 and VCAM-1 have
found only a negligible association between the two recep-
tors [42]. Collectively, these data indicate that VCAM-1 and
ICAM-1 follow similar dynamics upon leukocyte engage-
ment, and become part of the same macromolecular complex
in the area of contact with the leukocyte. However, in the
absence of ligation, despite having a similar distribution on
the endothelial surface, these two receptors are not directly
associated with each other on the endothelial surface.
ICAM-1 and VCAM-1 reside in preformed tetraspanin
platforms at the endothelial plasma membrane
Tetraspanins form a large group of proteins with some
shared structural features: four transmembrane domains
that comprise a very short intracellular segment, a first
small extracellular loop or domain (SEL/SED) or EC1, and
a large extracellular loop (LEL, LED) or EC2. LED con-
tains four to eight cysteine residues, including those in a
CCG motif that is conserved in all tetraspanins. LED
cysteines form disulphide bonds that are necessary to
maintain the structure of this domain, which is responsible
for most tetraspanin interactions with other proteins [43–
45]. Tetraspanins have the ability to associate with each
other, forming remarkable macromolecular complexes
known as tetraspanin webs [43, 46]. Cysteine residues
found in close contact with the cytoplasmic leaflet of the
membrane undergo palmitoylation, which is required for
the formation of tetraspanin microdomains [47]. Tetra-
spanins interact with several other molecules, including
VCAM-1 and ICAM-1 [48]. The tetraspanin web contrib-
utes to establish physical connections in large membrane
domains between associate receptors that are at relatively
low density within the membrane. Given the size of the
contact area between the leukocyte and the endothelial cell
during leukocyte adhesion, tetraspanins may form large
endothelial macromolecular platforms mediated by ICAM-
1 and VCAM-1 interactions with leukocyte integrins. A
detailed analysis of the molecular platforms formed
between tetraspanins CD9 and CD151 and VCAM-1 and
ICAM-1 has been carried out using analytical microscopy
techniques. By combining FRET, FRAP and FCS spec-
troscopy, the existence of preformed tetraspanin platforms
and adhesion receptors on the endothelial surface has been
suggested [41]. In contrast to the lack of association
between ICAM-1 and VCAM-1, CD9 and CD51 have been
linked with both receptors in immunoprecipitation experi-
ments performed in the absence of engagement, consistent
with the analytical microscopy data [41, 42]. Moreover,
FRAP and FCS analyses of tetraspanins and adhesion
receptors indicate that tetraspanin-receptor platforms are
stabilized in the endothelial area of contact with the
adhered leukocyte. Notably, a soluble recombinant protein
carrying the tetraspanin LED decreased the clustering of
ICAM-1 and VCAM-1 [41], and inhibited leukocyte
adhesion, detachment and diapedesis. Taken together, these
data indicate that ICAM-1 and VCAM-1 are pre-embedded
in endothelial tetraspanin platforms, which are required for
proper adhesion receptor function in leukocyte extravasa-
tion (Fig. 1).
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Coalescence of endothelial adhesion receptors
into membrane rafts upon leukocyte adhesion
Membrane lipids and proteins do not diffuse freely in the
bilayer, but are laterally constrained by mechanisms such
as hydrophobic compatibility, membrane protein–protein
interactions, or interactions between membrane proteins
and the submembrane cytoskeleton. The intrinsic hetero-
geneity of the plasma membrane has been explained by the
differential miscibility of lipids that spontaneously form
microdomains of distinctive membrane order or compac-
tion, which in turn are able to compartmentalize subsets of
membrane proteins. The term ‘‘membrane rafts’’ designates
the most popular model of membrane microdomains,
which proposes the existence of liquid-ordered nano-scale
assemblies of cholesterol and sphingolipids that exclude
most transmembrane proteins, and preferentially include
those with lipid modifications, such as glycosylpho-
sphatidylinositol or palmitoylation. The size (10–200 nm)
and dynamics of membrane rafts depend on the physio-
logical context. Signaling events can induce the
coalescence of transient and small membrane clusters into
larger and more stable platforms and vice versa [49]. Crude
biochemical approaches based on the different solubility
properties of membrane proteins in non-ionic detergents
[50] have given way to novel biophysical and microscopy
techniques to investigate membrane rafts. These novel
approaches are yielding evidence that confirms the parti-
tion of certain proteins into small membrane platforms
regulated by cholesterol content [49]. However, the true
nature of membrane rafts remains elusive, due mainly to
the difficulties of clearly visualizing these domains within
the cell, and this has generated skepticism and controversy
[51].
Compact membrane domains of cholesterol and sphin-
golipids are less sensitive to detergent extraction than are
fluid, non-raft membranes, so the former can be biochem-
ically isolated as detergent-resistant membranes (DRMs).
Fig. 1 Proteins involved in endothelial apical membrane reorgani-
zation upon leukocyte interaction. ICAM-1, VCAM-1, and PECAM-1
are the three best characterized receptors that modulate the endothe-
lial cell surfaces in contact with leukocytes. ICAM-1 and VCAM-1
are embedded into tetraspanin webs. Both receptors and E-selectin
can be transiently recruited to membrane rafts upon engagement.
ICAM-1 and VCAM-1 are connected to subcortical actin through
different protein connectors such as ERM proteins or filamins. These
receptors form signaling platforms in apical microvillar reorganiza-
tion called docking structures. ICAM-1 and VCAM-1 signal to
different Rho GTPases and cortactin to tune actin dynamics in the
surrounding of endothelial cell-leukocyte contact areas and facilitate
diapedesis. When apical ICAM-1 is engaged in caveola-rich cellular
areas, can be internalized into basolateral caveolae. It has been
proposed that PECAM-1 is translocated from the LBR compartment
to endothelial contact areas. On the ventral side of the leukocyte,
endothelial SNARE machinery participates in membrane remodeling
in response to leukocytes emitting pseudopods/podosomes that scan
for gateways to traverse the endothelial monolayer. VVOs participate
in the formation of endothelial invaginations surrounding podosomes.
Chemokine depots are intracellular compartments, still uncharacter-
ized, which translocate chemokines to endothelial surface upon
leukocyte adhesion. Actin stress fibers determine the localization of
caveolae and chemokine depots. The vimentin network is associated
with caveolae through PV-1. Microtubules and kinesins regulate
LBRC dynamics
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As already mentioned, this has been criticized as a strategy
to characterize membrane rafts [51], but it is a simple
method that provides qualitative evidence of changes
occurring in the lipid context of particular proteins. On the
other hand, receptor engagement with antibodies has
proved to be a powerful strategy for investigating leuko-
cyte-endothelial interactions because it enables signaling
events from one cell type or the other to be identified.
These can subsequently be validated by more physiological
experimental approaches. Antibody-mediated engagement
of E-selectin induces receptor confinement into DRMs in
endothelial cells [52]. Leukocyte- or antibody-induced
clustering also increases E-selectin colocalization with
caveolin-1 [53], the scaffolding protein of caveolae [54–
57], a vesicular compartment quite abundant in endothelial
cells [58]. Caveolin-1 binds cholesterol, and caveolae are
considered as specialized membrane raft domains [57].
Furthermore, endothelial raft disruption with cholesterol-
sequestering reagents decreases neutrophil rolling on
E-selectin and reduce the ability of E-selectin to transduce
signals [59]. These findings suggest that cholesterol-rich
domains may regulate leukocyte rolling by modulating
signaling mediated by, at least, E-selectin. However,
experimental strategies that can specifically disrupt
E-selectin microdomains, or the identification of the pro-
tein signals and scaffolds responsible for the partition of
E-selectin into ordered membranes, are necessary to clarify
the real role of ordered membranes in these first steps in
leukocyte transmigration.
Similarly, in response to leukocyte interaction or anti-
body crosslinking, ICAM-1 is partially confined within
DRMs [52, 60]. Time-lapse analysis of ICAM-1 trafficking
reveals unusual dynamics for this receptor. Following
antibody clustering, ICAM-1 is translocated from actin-
rich microvilli to actin stress fibers and is then partially
segregated to the cell poles. Engaged ICAM-1 accumulates
in areas close to, but distinct from the cell–cell junctions,
where several actin bundles converge [60]. Interestingly,
these areas are also enriched in caveolin-1 (Fig. 2a, b). A
more detailed analysis by electron microscopy and total
internal reflection fluorescence (TIRF) microscopy, which
detects fluorescence at the very basal region of the cell and
in close contact with the substrate, has revealed that a
fraction of ICAM-1 is internalized into caveolar-like
structures and is transcytosed to the abluminal endothelial
membrane [60]. Thus, upon ligation, ICAM-1 is not only
recruited to DRMs but is also partially segregated in a
vesicular compartment enriched in membrane rafts.
VCAM-1 dynamics has not been studied in such detail, but
the available data suggest it is comparable to that of ICAM-
1. Crosslinked VCAM-1 also segregates into membrane
rafts, then aligns with stress fibers and is subsequently is
partially localized in caveolin-1-rich structures [60]. Cho-
lesterol-sequestering reagents reduce E-selectin and
ICAM-1 clustering [52, 53]. However, since disruption of
cholesterol-rich membrane domains inhibits the previous
step of leukocyte rolling, the role of raft domains in leu-
kocyte adhesion and locomotion has been difficult to assess
using this strategy. More artificial approaches, such as
analyzing apical detachment of anti-ICAM-1-bearing beads
in response to the shear stress, show that cholesterol
extraction increases leukocyte de-adhesion, which is also
dependent on actin polymerization [61]. The role of cav-
eolae-like domains in diapedesis has been investigated in
more detail. Some groups have found that leukocytes fol-
low a route of transcellular diapedesis preferentially in
areas enriched in caveolin-1 and other caveolar compo-
nents [60, 62, 63]. This suggests that clustering of at least
ICAM-1 into raft-like microdomains may help guide the
leukocyte towards points of extravasation. Membrane
remodeling during diapedesis is reviewed in more detail
below.
Relationship between tetraspanin domains and rafts
at the endothelial surface
Several lines of evidence have shown that most of the
interactions between tetraspanins and other molecules are
not dependent on cholesterol. However, tetraspanins can
be partially recruited into DRMs isolated in isopycnic
sucrose gradients using mild lysis conditions that preserve
tetraspanin–tetraspanin interactions. Tetraspanin domains
are though only partially sensitive to cholesterol depletion
compared to membrane domains rich in prototypical raft-
proteins such as GPI-linked proteins [47, 64]. Detailed
measurement of the diffusion coefficient of the tetraspanin
CD9 by single-molecule fluorescence microscopy indi-
cated that cholesterol extraction affects its membrane
dynamics [47]. This effect was attributed to a general
alteration in membrane fluidity caused by cholesterol
extraction, which also affected the dynamics of raft and
non-raft protein markers. Notwithstanding a possible role
of raft-lipids in the organization of tetraspanin webs [65],
these webs form domains that largely depend on protein–
protein interactions, with features that make them clearly
distinguishable from membrane rafts [43]. Overall, dis-
tinct but complementary roles for tetraspanin and raft
domains can be envisaged from a consideration of all the
published evidence regarding endothelial ICAM-1 and
VCAM-1 function and clustering. Data strongly support
the confinement of ICAM-1 and VCAM-1 in tetraspanin
nanodomains, but not in cholesterol-rich DRMs, in the
absence of receptor engagement [52, 60, 66]. However,
size measurements of ICAM-1 and VCAM-1 nanoclusters
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indicate that they coalesce and are more stable in the
leukocyte contact area [41]. This coalescence parallels
ICAM-1 recruitment into ordered domains, so it could
well be mediated by cholesterol-enriched rafts [60]. In
fact, examples of coalescence between tetraspanin and
membrane rafts can be found in different cellular con-
texts, such as cell infection by HIV, Plasmodium
sporozoite invasion, or during engagement of the B-cell
receptor or the MHC-II complex [67–70]. Thus, future
investigation of the relationship between the tetraspanin
web, which constitutively accommodates transmembrane
receptors, and membrane rafts, which can merge plat-
forms based on protein–protein interactions, may
complete the picture of how endothelial adhesion
Fig. 2 Endothelial membrane domains involved in adhesion receptor
dynamics. a Microvilli. Confocal images of HUVECs stained for
ICAM-1 and F-actin (phalloidin) showing the accumulation of this
receptor in apical microvilli, involved in the formation of docking
structures in response to leukocyte adhesion b Caveolae. Upon
antibody-mediated ICAM-1 clustering (X-ICAM-1), actin stress
fibers are increased, ICAM-1 aligns with actin filaments and partially
colocalizes with caveolin-1. Leukocytes transmigrate transcellularly
through areas rich in caveolin-1. c Lateral border recycling (LBR)
compartment. PECAM-1 is diffusely localized at cell borders, labeled
with anti-b-catenin antibody, in an internal compartment that is
translocated to the cell surface upon leukocyte interaction. The LBR
compartment is required for both paracellular and transcellular
diapedesis. Bar 10 lm
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receptors are organized in the contact area between leu-
kocyte and endothelium.
Ups and downs of the endothelial response to leukocyte
interaction
Endothelial ICAM-1 and VCAM-1 can be organized into
submicron membrane platforms in response to leukocyte
interaction. However, leukocytes also induce supramolec-
ular remodeling of the endothelial membrane, with the
contribution of subcortical cytoskeleton, which is essential
for achieving successful extravasation (Fig. 1).
Ups: endothelial membrane structures derived
from microvilli embrace adhered leukocytes
With the advent of modern microscopy, cell surfaces have
been shown to be uneven and able to emit dynamic pro-
trusions necessary for motility and communication. Cells
decorate their respective surfaces exposed to extracellular
milieu with small actin-dependent projections, bearing
different subsets of surface receptors and ion channels,
known as microvilli (Fig. 2a) [71]. These surface organ-
elles are important for cell communication with the
extracellular space. F-actin, the cytoskeletal scaffold of the
microvilli, is associated with the plasma membrane through
different protein linkers that connect membrane receptors
to the actin filament. In endothelial cells, ICAM-1 and
VCAM-1 are enriched in microvilli and are connected to
the underlying F-actin via interactions through their cyto-
plasmic tails with ezrin, radixin and moesin (ERM)
proteins, which belong to the 4.1 superfamily of proteins.
This superfamily is formed by proteins containing an
N-terminal four point one, ezrin, radixin, moesin (FERM)
domain that interacts with the lipids and basic amino acids
in intracellular segments of membrane proteins [72].
ICAM-1 interacts preferentially with ezrin [73, 74] and
VCAM-1 with moesin [66]. In their active, open confor-
mation, ERM proteins are linked to the plasma membrane
through N-terminal FERM domains and to submembrane
F-actin through their C-terminal domains [75]. ERM pro-
teins are required for microvillar elongation [74, 76–78].
Mutation of a short segment in the cytoplasmic region of
ICAM-1, rich in basic amino acids, abrogates ICAM-1
interaction with ERM protein as well as the ability of this
receptor to elongate microvilli [74]. ICAM-1 bearing these
mutations also failed to promote leukocyte transmigration
[74]. Moreover, incubation of endothelial cells with a
permeable peptide blocking ICAM-1-ERM interaction did
not affect leukocyte adhesion but significantly diminished
leukocyte transmigration. This again supports the idea that
expression of endothelial adhesion receptors is sufficient to
capture and adhere leukocytes bearing active integrins,
whereas ICAM-1 and probably VCAM-1 interactions with
subcortical actin in microvillar structures are essential for
leukocyte extravasation. The detailed molecular mecha-
nism whereby microvilli control leukocyte transmigration
is not completely understood, but probably involves sub-
stantial remodeling in response to leukocyte adhesion of
the apical endothelial plasma membrane in the so-called
microvillar cups or docking structures.
In 1999, Wojciak-Stothard and colleagues [79] showed
that ICAM-1, VCAM-1, and E-selectin accumulated along
the edges of attached monocytes, outlining fine protrusions
formed by the monocyte-endothelial interface. These pro-
trusions were positive for F-actin and morphologically
reminiscent of microvilli. Barreiro and colleagues [66]
subsequently reported for the first time a detailed analysis
of these microvillar protrusions that surrounded adhered
leukocytes, and named them docking structures. Docking
structures contained F-actin, vinculin, a-actinin, VASP and
phosphorylated, active ERM proteins. Analyzing various
fluorescent probes suggested that the phosphoinositide
PI(4,5)P2, which anchors ERM proteins to the plasma
membrane, was also enriched at the tip of the protrusions
[66]. Additional reports have provided substantial evidence
that endothelial cup-shaped membrane projections
embracing leukocytes are derived from microvilli [74, 80,
81]. Like microvilli, docking structures are sensitive to
actin and microtubule depolymerization [66, 79, 80] In
addition, the accumulation of VASP in these membrane
projections strongly suggests that de novo actin polymeri-
zation is required for their formation, similarly to what has
been found for other surface membrane extensions, such as
those occurring during phagocytosis [66, 82, 83].
The investigation of the signaling pathways involved in
the formation of docking structures has provided confusing
information about the role of these protrusions in leukocyte
extravasation. Rho family GTPases are master regulators of
cytoskeletal networks. Most Rho GTPases are molecular
switches that cycle between an inactive GDP-bound state
and an active GTP-bound state that regulates a plethora of
effectors [84]. RhoA, Rac and Cdc42 are the three most
extensively studied Rho GTPases in the family, but there
are many other Rho members poorly characterized [85]. In
endothelial cells, RhoA controls actomyosin-mediated
contractility mainly through the activation of its effector
ROC kinase (ROCK) [18]. Rho and probably ROCK,
activate ERM proteins, which can promote microvillar
elongation [75]. Thus, the Rho-ROCK pathway could
regulate the formation of docking structures, leukocyte
adhesion, and transmigration. This pathway is however
fundamental to endothelial architecture and function,
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including barrier function, so data regarding the effect of
Rho or ROCK inhibition on endothelial docking structures
and on leukocyte transmigration are not conclusive. For
instance, treatment of endothelial cells with the toxin C3
transferase, a potent inhibitor of Rho, impairs leukocyte
transmigration [79, 86, 87], but its effect on leukocyte
adhesion is still unclear [86, 88]. C3 transferase has been
shown to prevent [79] or not prevent [80] adhesion receptor
clustering around adhered leukocytes. There is also dis-
agreement about the role of the ROCK in leukocyte
adhesion and in the formation of docking structures.
Pharmacological inhibition of this kinase clearly reduced
leukocyte adhesion, transmigration and formation of these
microvillus-derived cups in some conditions [66], or had
no effect on adhesion and formation of docking structures
in others [80]. A stronger consensus has been reached
concerning the effect of ROCK inhibition on leukocyte
extravasation, which is clearly hampered. Taken together,
these findings provide evidence of an essential role for the
Rho-ROCK pathway in leukocyte transmigration in general
and, probably, in the formation of docking structures in
particular.
Clearer information has come from studies about the
proteins in endothelial plasma membrane that are respon-
sible for the formation of these cups. K562 cells
overexpressing LFA-1 [80] or VLA-4 [66] have been used
to preferentially engage ICAM-1 or VCAM-1, respec-
tively, in endothelial cells. Both cell clones were able to
promote the formation of docking structures upon adhesion
to endothelial cells, which suggests that single engagement
of each adhesion receptor is sufficient to generate micro-
villar cups. However, the blocking of the interaction of
ICAM-1 with LFA-1, but not of VCAM-1 with VLA-4,
reduced the formation of docking structures surrounding
MCP-1-activated monocytes, suggesting a predominant
role for ICAM-1 in this process [80]. Although the relative
contribution of each receptor to these membrane extensions
probably depends on their relative abundance, leukocyte
population and type of vascular bed, further investigation
of the role of adhesion receptors in microvillar cups has
been mainly focused on ICAM-1. The aforementioned
mutation of a domain rich in polybasic amino acids in the
ICAM-1 cytoplasmic tail, which decreases ICAM-1-
induced microvilli and leukocyte transmigration, also
reduces the formation of endothelial docking structures
upon leukocyte adhesion. This reinforces the similarities
between microvilli and docking structures. ICAM-1-med-
iated signaling or interaction with subcortical actin thus
appears to be necessary for the formation of docking
complexes. Analysis of ICAM-1-mediated signaling in
response to antibody engagement has revealed a major
activation of a RhoA-regulated pathway [89, 90]. This,
together with the fact that Rho pathway inhibition reduces
the formation of the microvillar cups, further supports a
role for Rho in coordinating signals originating from
ICAM-1, which promote the eventual reorganization of the
microvilli to embrace adhered leukocytes.
ICAM-1 can also signal to other Rho GTPases. van Buul
and colleagues [81] have reported that ICAM-1 crosslink-
ing activates RhoA, Rac1, Cdc42, and RhoG, suggesting
that leukocyte adhesion orchestrates several Rho-depen-
dent pathways to promote a profound reorganization of the
endothelial apical membrane. RhoG had previously been
found to be involved in the formation of the phagocytic cup
[91]. Following the parallelism with the endothelial
microvillus-derived cups, the role of this small GTPase has
been investigated. RhoG and its guanine-nucleotide
exchange factor (GEF), SH3-GEF (SGEF), were found
enriched in dorsal ruffles and in membrane projections
surrounding the leukocyte upon adhesion. Expression of
active mutants of RhoG increased the emission of these
projections, whereas RhoG or SGEF knockdown with
small interfering RNA (siRNA) decreased them. It is of
note that SGEF was found to be associated with the ICAM-
1 cytoplasmic tail and that a tail-less ICAM-1 mutant failed
to recruit RhoG to the docking structures. Future studies of
the crosstalk between RhoG and other Rho GTPases will
probably shed light on the signaling networks that mediate
the formation of docking structures. For instance, siRNA-
mediated knockdown of RhoA reduces RhoG activation
upon ICAM-1 engagement, suggesting that the former
GTPase is an upstream regulator of the latter [81]. VCAM-
1 and ICAM-1 clustering activates Rac1 in endothelial
cells [27, 81]. Analysis of the effect of Rac1 dominant
negative mutants in human endothelial cells indicates that
Rac1 is not required for firm adhesion of monocytes [79].
However, inhibition of Rac1 function with permeable
blocking peptides or Rac1 knockdown strongly supports a
role for this Rho GTPase in leukocyte extravasation [27,
92]. Notably, RhoG has the potential to regulate Rac1
activity through common GEF protein complexes [93, 94]
and Rac and its effectors are in turn required for dorsal
membrane dynamics such as the formation of ruffles and
macropinocytosis [95–97]. Hence, a role can be envisaged
for adhesion receptor-mediated Rac activation in the for-
mation of the endothelial docking structure and in
leukocyte diapedesis. Rac could contribute to RhoG or
RhoA signaling pathways, as has already been observed in
other cellular contexts [93, 95]. In summary, although the
architecture of these docking structures seems well defined,
the protein machinery recruited to these membrane pro-
trusions and the signaling pathways emanating from these
domains are still poorly defined. Nevertheless, in light of
the current knowledge about the proteins that regulate
3086 N. Reglero-Real et al.
123
microvillar cups, these structures could be also considered
as hubs where supramolecular organization of protein
complexes formed by adhesion receptors, tetraspanins,
ERM proteins and Rho GTPases, can signal and determine
the additional endothelial remodeling necessary for dia-
pedesis. This may include microvillar elongation to ensure
dynamic leukocyte retention against blood flow, but also
RhoA-mediated cell contraction or Rac1-mediated weak-
ening of cell–cell junctions.
The ability of ICAM-1 to bring together signaling
machinery in the docking structure through its cytoplasmic
tail seems to be of fundamental importance. Thus, the role
of this receptor domain in leukocyte diapedesis may
somehow denote the function of docking structures in
extravasation. The reconstitution of a brain endothelioma
cell line, derived from ICAM-1 and ICAM-2 double-
knockout mice, with ICAM-1 mutants has elegantly dem-
onstrated that the extracellular domain of ICAM-1 is
sufficient to support T-cell adhesion, while its cytoplasmic
tail is necessary for diapedesis. Truncation of this cyto-
plasmic domain prevented not only TEM in these cell lines
but also ICAM-1-mediated RhoA activation [35]. There-
fore, there are strong correlations between ICAM-1-
mediated signaling, docking structures and leukocyte dia-
pedesis, but not adhesion, which implies that the
remodeling of the endothelial apical membrane helps to
establish signaling platforms that facilitate the passage of
leukocytes across the endothelium.
However, it is of note that docking structures have not
been always observed in vitro. Luscinksas’s group has
reported clustering of ICAM-1 and LFA-1 around trans-
migrating neutrophils under laminar flow, but not
microvillus-derived structures [30, 98]. In vivo, these
structures have been also difficult to detect [99]. This
disagreement may be related to the different experimental
settings used, which may determine different levels of
integrin activation. Higher integrin activation could result
in greater recruitment of endothelial counter-receptors and
the subsequent stimulation of signaling pathways related to
phagocytosis. This has been more extensively discussed in
a previous review [100]. Further investigation into mech-
anisms regulating the formation of docking structures and
their in vivo relevance is still required.
Downs: leukocyte-induced endothelial membrane
invaginations
The scanning by adhered leukocytes for suitable areas of
transmigration on the endothelial luminal membrane is
defined as locomotion [23]. In this step, leukocytes search
for clues to initiate diapedesis in the presence of shear
stress forces from the bloodstream. Pioneering electron
microscopy studies in the 1960s showed leukocytes emit-
ting pseudopods and remodeling endothelial cells during
extravasation [101–103]. Modern in vitro approaches,
which combine settings reproducing leukocyte transmi-
gration under near-physiological conditions with high-
resolution fluorescent microscopy, have enabled the fine-
scale analysis of leukocyte locomotion dynamics on the
endothelial cells. Experiments using blocking antibodies
specific for b1 and b2 integrins, VCAM-1 and ICAM-1,
strongly suggest that ICAM-1 plays a predominant role in
leukocyte lateral displacement on the endothelium, at least
in the cases of T cells [104] and monocytes [23]. Neutro-
phil locomotion has been also observed in vivo in inflamed
venules. Neutrophils from knockout mice of Mac-1 inte-
grin, ligand of ICAM-1 and ICAM-2, adhered extremely
well but failed to crawl on the vessel. ICAM-1, but not
ICAM-2 blocking, also inhibited in vivo locomotion [105].
On the other hand, the analysis of ICAM-1 and LFA-1
distribution during leukocyte locomotion revealed that the
active leukocyte integrin and endothelial ICAM-1 accu-
mulate in the ventral area of migrating T cells. These areas
of intense leukocyte–endothelial interaction were termed
focal zones [106]. The formation of focal zones seems to
be dependent on the association in the leukocyte of inte-
grins with actin through talin [106]. Thus, ICAM-1 not
only concentrates in membrane projections that surround
leukocytes, but also accumulates beneath them, where
leukocytes form integrin-dependent adhesion structures.
Additional analysis of leukocyte endothelial interactions
with more sophisticated in vitro approaches, including
laminar shear stress and the presence of chemokines
exposed on the apical surface of endothelial cells, con-
firmed the existence of these ventral clusters of ICAM-1
[104]. This study also shows a different distribution for
VCAM-1, which surrounded preferentially the uropod pole
of the adhered leukocyte, instead of accumulating in the
ventral focal zone. Scanning electron microscopy also
revealed the presence in crawling T cells of small and
invasive filopodia that penetrate the endothelial cell. The
number and size of these filopodia were increased by the
shear flow and were dependent on Cdc42 activity [104]. On
the other hand, visualization of ICAM-1-GFP dynamics by
TIRF microscopy has shown that protrusions emitted by T
cells migrating on the apical endothelial surface can reach
the endothelial basal membrane [60]. In all these analyses,
endothelial invaginations observed under the lymphocyte
occurred during apical locomotion, before and indepen-
dently of the diapedesis step.
Leukocyte protrusions penetrating endothelial cells have
been found to be controlled by the Src kinase and the actin
regulatory protein WASP, which has led Carman and col-
leagues [107, 108] to propose these structures to be similar
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to invasive podosomes, the adhesive basal structures found
in invading cancer cells. Interestingly, these authors have
also found active endothelial SNARE machinery, such as
VAMP2 and VAMP3, within the endothelial podoprints
that surround these cognate podosomes [107], which indi-
cates that endothelial cells provide trafficking and
membrane fusion machinery to the areas where leukocytes
extend their podosomes. It is of note that the treatment of
endothelial cells with N-ethylmaleimide, which prevents
SNARE-mediated membrane fusion [109], has a specific
effect on the transcellular route of diapedesis, suggesting
that proactive endothelial membrane fusion mediated by
these endothelial SNARE proteins during the locomotion
step is a prerequisite for the subsequent leukocyte trans-
cellular TEM [107]. In accordance, grape-like clusters of
vesicles resembling the vesiculo-vacuolar organelle (VVO)
were found accumulated close to endothelial podoprints.
Taken together, these findings indicate that leukocytes
moving on the apical endothelial surface in search of an
extravasation route induce ICAM-1-enriched endothelial
invaginations that require active endothelial intracellular
machinery. These invaginations have the potential to reach
endothelial basolateral domains and thereby initiate trans-
cellular diapedesis. Nonetheless, whereas most leukocytes
crawling on the endothelium induce this membrane
remodeling in the endothelial cell, only around 10 % of
them in human vascular endothelial cells and 30 % in
microvascular endothelial cells, follow transcellular dia-
pedesis, implying that additional endothelial events may be
required to facilitate the opening of a transcellular pore.
Endothelial membrane remodeling during diapedesis
Docking structures and diapedesis routes
The docking structures embracing leukocytes that adhere to
the apical endothelial membrane are also observed when
leukocytes undergo paracellular and transcellular diape-
desis [63]. Although these membrane extensions play a role
in leukocyte retention and signaling that is essential for
leukocyte diapedesis, to date, no evidence has been found
to suggest a function for docking structures in leukocyte
guidance towards a specific route of diapedesis. Figure 3
illustrates endothelial membrane remodeling during
diapedesis.
The lateral border recycling (LBR) compartment
during paracellular diapedesis
Comprehensive reviews of the endothelial signaling
induced by leukocyte adhesion that control paracellular
diapedesis have recently been published [24, 33, 110, 111].
Paracellular diapedesis involves disruption of cell–cell
junctions, opening of intercellular gaps and reconstitution
of cell–cell contacts. Adhesion receptor engagement elicits
Rho- and Rac-dependent signaling pathways that induce
cell contraction and junctional destabilization [27, 89, 90,
112]. This engagement also activates Src kinases and
generation of reactive oxygen species (ROS) that have a
direct effect on phosphorylation of junctional molecules,
such as VE-cadherin [27, 28, 113–115]. In addition,
endothelial cells selectively express an additional set of
receptors that can be partially confined at cell borders and
support paracellular diapedesis. CD99, PECAM-1 and the
junctional adhesion molecules (JAMs) are the best-char-
acterized receptors mediating diapedesis, although
endothelial cell-selective adhesion molecules (ESAMs),
nectins and ICAM-2 also mediate leukocyte paracellular
TEM [20, 116–119]. Receptors localized at cell borders
facilitate TEM by establishing new homotypic or
Paracellular Transcellular
VVOs /caveolae
VVOs/caveolae
Dome
LBRC LBRC
LBRC LBRC
A
B
C
Fig. 3 Endothelial membrane reorganization during diapedesis.
Leukocytes probe the endothelial surface emitting pseudopods/
podosomes (a). Once they find appropriate areas for paracellular or
transcellular diapedesis (b), effective docking structures derived from
microvilli must embrace apically adhered leukocytes and PECAM-1
must be relocated from the LBR compartment to leukocyte-endothe-
lial contact areas. In paracellular diapedesis, actin-mediated cell
contraction, and cell–cell junction disruption induce gap opening. In
transcellular diapedesis, coordination of events described in Fig. 1
can occasionally lead to the formation of transcellular passages, in
which LBR-compartment, VVOs and caveolae can potentially supply
intracellular membranes. c Endothelial domes that encapsulate
transmigrating leukocytes have been observed in vivo
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heterotypic molecular dimers between the leukocyte and
the endothelial cell, which replace interactions between
two adjacent endothelial cells and thereby induce local
disruption of cell–cell junctions.
With the exception of the cuboidal endothelium in high
endothelial venules [120, 121], endothelial cells form rel-
atively thin monolayers where junctions distribute in
overlapping cell borders, in clear contrast with the para-
digmatic straight junctional complexes found in vertical
borders of columnar epithelial cells [122, 123]. One of the
best characterized junctional receptors involved in diape-
desis, PECAM-1, has been found in a novel intracellular
compartment situated at overlapping areas of endothelial
cell–cell junctions known as the LBR compartment
(Fig. 2c) [124]. Electron microscopy and PECAM-1 recy-
cling experiments suggest that this compartment is
composed of concatenated vesicles that are connected to
the exterior through the junction. Analysis of PECAM-1
trafficking within this compartment during monocyte
paracellular diapedesis suggests that PECAM-1 is translo-
cated from LBR vesicles towards the external contact area
with the leukocyte [124]. In an attempt to characterize
PECAM-1 trafficking in paracellular diapedesis, an essen-
tial role has been reported in this trafficking for the kinesin
family of motor proteins, which move along the microtu-
bular network [125]. Microtubule depolymerizing drugs or
blocking antibodies against kinesins had no apparent effect
on the steady-state distribution of junctional PECAM-1,
but inhibited PECAM-1 trafficking during leukocyte dia-
pedesis, blocking the passage of leukocytes through the
junction. Quantitatively, the effects of these treatments
were comparable to that of PECAM-1-blocking antibodies
on diapedesis. JAM-A and CD99 have also been observed
on the LBR, although their trafficking has yet to be
investigated [126].
The protein machinery involved in the formation of
LBR vesicles and the molecular clues that keep this com-
partment associated with cell borders have not been
elucidated. Regarding the nature of the LBR compartment,
endothelial cells contain unique membrane compartments
involved in solute transport, such as fenestrae, caveolae
and VVOs, which may potentially contribute to the LBR
compartment [55, 127, 128]. Previous electron microscopy
studies had suggested that PECAM-1 is concentrated in the
VVOs, which are formed by numerous caveolae-like con-
nected vesicles. However, VVOs are not restricted to
perijunctional areas and are morphologically different from
LBR vesicles [124, 129]. Biochemical and morphological
analyses also indicate that the LBR compartment is dif-
ferent from caveolae [124]. The identification of the vesicle
machinery and the junctional proteins involved in the
genesis and regulation of the LBR compartment, and the
molecular mechanisms that mediate kinesin-dependent
PECAM-1 trafficking should clarify the importance of this
structure in paracellular diapedesis.
The LBR compartment during transcellular diapedesis
Some junctional receptors involved in paracellular diape-
desis, such as JAM-A and PECAM-1, are redistributed and
localized apically, away from junctions, in response to
proinflammatory cytokines such as TNF-a and INF-c [31,
32, 130]. JAM-family proteins have the ability to establish
cis and trans homophilic and heterophilic interactions
between their members. In addition, JAM-A is an alter-
native cognate receptor for leukocyte b2-integrins that is
involved in leukocyte adhesion and TEM [131–133]. JAM-
C can also interact with b2-integrins [134–136], whereas
JAM-B can bind b1-integrins [137], although these inter-
actions have been less thoroughly explored. In TNF-a-
stimulated HUVECs, JAM-A, CD99, and PECAM-1
accumulated within docking structures surrounding leuko-
cytes undergoing transcellular diapedesis, away from cell–
cell junctions [126]. Carman and colleagues [107] have
also detected a remarkable accumulation of PECAM-1 in
microvillus-derived cups embracing adhered memory T
cells, although much less in the case of cups adhering
monocytes [63]. Importantly, function-blocking antibodies
against PECAM-1 and CD99, but not against JAM-A, can
significantly diminish paracellular and transcellular diape-
desis, indicating that these junctional proteins also play a
role away from cell borders [107, 126]. Based on these
data, Mamdouh and colleagues have proposed that the LBR
compartment might supply adhesion receptors such as
JAM-A, CD99 or PECAM-1 to the transcellular pores. It is
of note that this unselective inhibition of both routes of
diapedesis seems quite similar to the inhibition resulting
from the previously enumerated strategies that target the
formation of docking structures [63]. Moreover, microtu-
bule-dependent PECAM-1 recycling from the LBR
compartment was also detected in membrane extensions
resembling docking structures, which surrounded leuko-
cytes undergoing transcellular diapedesis [125, 126]. So
far, the potential relationship between the LBR compart-
ment and the docking structures in the transcellular passage
has not been addressed, and may be an interesting avenue
of investigation in the future.
ICAM-1 and caveolae in transcellular diapedesis
In accordance with the predominant role that ICAM-1
plays in endothelial membrane remodeling upon leukocyte
adhesion and locomotion, this receptor seems also to be
central for the route of transcellular extravasation in vitro.
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Modulation of endothelial ICAM-1 levels has an important
effect on the rate of transcellular diapedesis for PMN
leukocytes [30]. In endothelial cells, caveolin-1, the scaf-
folding protein of the caveolae, is enriched in areas where
several actin stress fibers converge. Notably, in response to
antibody ligation, ICAM-1 is slowly translocated to these
areas along actin filaments, where the receptor is transcy-
tosed to the endothelial basal membrane through caveolae
[60]. Confocal and time-lapse microscopy reveals that
engaged ICAM-1 moves to the cell periphery, whereas
caveolin-1- and F-actin domains remain comparatively
static (Fig. 2b). TIRF analysis of T cells crawling on the
endothelial membrane reveals their capacity to step down
caveolin-1 clusters that contact the basal membrane. Three
research groups have found that leukocytes preferentially
migrate transcellularly in areas enriched in caveolin-1 [60,
62, 63], although this has not been always observed [126].
Comparative analysis of docking structures and caveolin-1
accumulation at the transcellular pore shows that they are
differently localized. Caveolae are found in a more basal
plane than apical microvillar protrusions [60]. Caveolin-1
gene silencing specifically impairs the transcellular diape-
desis but does not affect total or paracellular diapedesis
[60, 138].
Some other caveolar components have been found in
the transcellular pore, such as the protein plasmalemmal
vesicle-associated protein (PV-1) [62, 139]. PV-1 is
localized in stomatal diaphragms of endothelial caveolae
and fenestrae [139, 140], where it is essential for the
formation of these diaphragms [141]. Although the role of
these structures is not well understood, stomata are
thought to participate in the transcellular exchange of
liquids and macromolecules [142]. PV-1-blocking anti-
body reduced leukocyte transmigration in vivo and in
vitro, whereas adhesion was not affected. Under experi-
mental settings that favor paracellular over transcellular
TEM, anti-PV-1 antibodies had little effect on either
adhesion or transmigration, suggesting that PV-1 prefer-
entially regulates transcellular diapedesis [62]. However,
further analysis of the relative contribution of PV-1 to
diapedesis in cells that can follow both the transcellular
and paracellular transmigration routes would definitively
elucidate the true role of this protein in leukocyte egress
from vessels.
Part of the machinery involved in endothelial membrane
remodeling caused by apical leukocyte locomotion, such as
VAMP3 [107], has been found to form transcytotic com-
plexes with caveolin-1 in endothelial cells [143]. Stimuli
like EGF can induce caveolin-1 relocalization to VAMP3-
positive internal compartments, implying that the associa-
tion of caveolin-1 with the SNARE machinery can be
transient and regulated by extracellular stimuli [144].
Furthermore, in a series of in vitro experiments, Predescu
and colleagues [145] have elegantly demonstrated the
involvement of t-SNARE machinery in caveolar fusion
events at the endothelial plasma membrane. On the other
hand, electron microscopy of endothelial membranes in
contact with pseudopods emitted by leukocytes during
locomotion has revealed the accumulation of arrays of
vesicles that resemble the VVO [107]. There is an unclear
relationship between VVOs and caveolae. The two vesic-
ular compartments are morphologically very similar,
although VVOs form grape-like clusters of up to several
hundred interconnected vesicles of heterogeneous diame-
ter, whereas caveolar clusters are formed by the linking of
a few vesicles that are more homogenous in size. Analysis
of caveolin-1 distribution shows that 30–50 % of VVOs
contain this signature protein of caveolae. VVO fusion
events, like caveolae, are sensitive to N-ethylmaleimide
(NEM) [146]. Additionally, the SNARE protein VAMP-2
has been found in VVOs and caveolae [146, 147]. How-
ever, electron microscopy studies of endothelium from
caveolin-1 knockout mice revealed a comparable number
of VVOs, whereas caveolar-like vesicles in contact with
the apical or basolateral plasma membrane were signifi-
cantly reduced in number. This indicates that caveolin-1 is
not required for maintaining the morphological integrity of
VVOs, but that the two compartments share molecular
features. In summary, although caveolin-1 does not seem
involved in the translocation of vesicle machinery found
surrounding the leukocyte podosomes [107] there exists an
evident molecular link between this machinery and
caveolae.
Collectively, these data suggest a mechanism by which
leukocytes may initiate transcellular migration. Leukocytes
continuously induce transient ICAM-1 clustering, search-
ing for sites where they can transmigrate by pushing
down pseudopods or podosomes that constantly probe the
endothelial surface. Leukocyte-induced endothelial invag-
inations recruit machinery with the potential to induce
fusion of caveolae, VVOs, or both. When ICAM-1 is
invaginated in areas with a high density of these intracel-
lular compartments and F-actin, then the receptor induces
vesicle fusion, resulting in the formation of a transcellular
pore (Fig. 3).
Taken together, these results also indicate that the
machinery involved in transcytosis of small molecules may
contribute to the transcellular route of leukocyte transmi-
gration, mediated mostly by the ICAM-1 receptor.
Interestingly, Hu and colleagues have formally demon-
strated that leukocyte transmigration regulates transcytosis
in vitro and in vivo. PMN leukocyte adhesion through
ICAM-1 or antibody-mediated ICAM-1 crosslinking
induced caveolin-1-dependent albumin endocytosis and
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Src-mediated caveolin-1 phosphorylation in endothelial
cells, which is suggestive of caveolin internalization [148].
Role of endothelial actin and vimentin networks
in diapedesis
Actin stress fibers are associated with focal adhesion or
cell–cell junctions in confluent endothelial cells [149]. As
mentioned above, ICAM-1 and VCAM-1 clustering pro-
motes receptor alignment with stress fibers. In addition,
this clustering induces RhoA activation and stress fibers
formation, which suggest that these receptors facilitate
paracellular diapedesis by promoting cell contraction [27,
89]. On the other hand most transcellular pores opened by
transmigrating T-cells appear in contact with stress fibers
[60]. The role of these actin filaments in the formation of
these passages is currently unclear. They may help to
determine the cellular region that is most robust for the
opening of the transcellular gap or, complementarily, they
could contribute to establish a physical barrier that controls
the size of the pore and preserves cell integrity. Stress
fibers determine caveolae accumulation in the endothelial
cell [60]. Caveolae are linked to F-actin through a direct
interaction of caveolin-1 with filamin proteins [150]. Fil-
amins coalign with caveolin-1 and stress fibers in response
to activation of Rho GTPases [150]. In addition, filamin-A
regulates caveolin-1 localization and dynamics [150–152].
Filamin-A, -B and caveolin-1 proteins have been found in
ICAM-1 immunoprecipitates from endothelial cells [153].
The expression of filamin-B determines ICAM-1 lateral
mobility, recruitment of ICAM-1 to endothelial docking
structures upon leukocyte adhesion as well as leukocyte
adhesion and transmigration [61, 153]. However, the par-
ticular contribution of filamins to different routes of
leukocyte TEM has not yet been investigated. Cortactin, a
multidomain scaffold protein involved in cortical actin
assembly, also regulates ICAM-1 clustering around
adhered PMN leukocytes as well as their transmigration,
but had not effect on PMN cell adhesion [154, 155].
In vivo, cortactin-deficient mice display a reduced rate of
neutrophil extravasation, despite vascular permeability is
enhanced. This extravasation defect seems general and
affects neutrophil rolling, adhesion and diapedesis [156].
These authors also observed in vitro that cortactin knock-
down abrogated the formation of docking structures upon
PMN leukocyte adhesion and, importantly, inhibited
ICAM-1-mediated activation of RhoG. Therefore, cortactin
regulates signaling pathways that are induced in response
to leukocyte adhesion and are required for efficient dia-
pedesis. Whereas filamins induce long-term stabilization of
actin filaments, cortactin probably contributes to a rapid
and more transient F-actin rearrangement at sites of
leukocyte adhesion and transmigration through the stabil-
ization of the Arp2/3 complex [157–159].
Finally, a complementary role has been recently pro-
posed for actin stress fibers. Intracellular stores of
chemokines that translocate to the cell surface upon leu-
kocyte interaction have been found associated with stress
fibers. Chemokines on the apical endothelial surface signal
into adhered leukocytes and induce an inside-out, local
activation of leukocyte integrins, thereby orientating leu-
kocyte motility. This opens up the interesting possibility of
stress fibers functioning as a railways that provide cues for
leukocytes to find areas of extravasation [160].
Endothelial cells are enriched in intermediate filaments
of vimentin [161, 162]. Endothelial vimentin networks
mediate leukocyte transcellular TEM, probably through
their association with caveolar PV-1 [163]. It is of note that
vimentin is highly enriched in endothelial caveolae [164].
The relationship between endothelial F-actin, vimentin and
caveolin has not been adequately addressed. However,
given that the formation of a transcellular pore is likely to
involve considerable mechanical stress, it is quite plausible
that coordination between the different cytoskeletal scaf-
folds may be required.
In vivo observation of endothelial membrane
reorganization and diapedesis
Technical improvement of in vivo microscopy, in combi-
nation with electron microscopy, is enabling the analysis of
leukocyte-endothelial cell contact areas in animal models
with a remarkable resolution. Adhesion receptor clustering
or endothelial membrane remodeling in response to leuko-
cyte interaction have been already detected in mice [165,
166]. The ratio between paracellular and transcellular dia-
pedesis has been quantitated in venules from inflamed
cremaster muscle and is similar to that found in vitro in
HUVECs, but lower that in microvascular endothelial cells
[60, 107, 165]. Accumulation of PECAM-1 around trans-
cellular pores, compared to that detected in paracellular gaps
opened by extravasating leukocytes, is, however, reduced
in these microvessels [165]. Knock-in mice expressing
VE-cadherin fused with a-catenin have highly stabilized
endothelial adherens junctions and reduced capillary per-
meability. These mice showed a remarkable inhibition of
total neutrophil extravasation and an impairment of para-
cellular but not transcellular diapedesis [167]. This confirms
that most of leukocyte transmigration also occurs paracel-
lularly in in vivo mouse models. The fact that levels of
caveolin-1 expression in mouse venules do not correlate with
increased neutrophil transmigration also supports the pre-
dominance of the paracellular transmigratory route [138].
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Most of the high-resolution microscopy analysis of
leukocyte transmigration has been performed in the cre-
master muscle, but the molecular mechanisms regulating
leukocyte diapedesis may differ depending on the endo-
thelial bed and the inflammatory challenge. For instance,
leukocyte homing to lymph nodes is not affected in the VE-
cadherin-a-catenin chimeric mouse model [167], which
suggests that adherens junction integrity may not be so
relevant during leukocyte diapedesis through high endo-
thelial venules. In a pioneering work on in vivo leukocyte
diapedesis, Feng and colleagues [99] showed that rabbit
neutrophils can emigrate from venules by a transcellular
pathway in response to N-formyl-methionyl-leucyl-pheny-
lalanine (FMLP). The endothelium of the blood–brain
barrier (BBB) presents tight cell–cell junctions and low
paracellular permeability [168]. In a model of experimental
autoimmune encephalomyelitis, detailed electron micros-
copy studies suggest that mononuclear leukocytes have the
ability to traverse post capillary venules of the BBB,
leaving endothelial junctions intact [169]. This suggests
that in vivo transcellular TEM may occur at higher rate in
the BBB. The mechanisms mediating leukocyte diapedesis
and endothelial membrane remodeling in these in vivo
models have not been properly addressed yet. In general,
detailed studies on the reorganization of endothelial
adhesion receptors and the relevance of tetraspanin
domains, rafts, LBR compartment dynamics, apical dock-
ing structures or endothelial membrane invaginations upon
leukocyte interaction are still not available in in vivo
systems.
Different endothelial membrane structures that almost
completely encapsulate transmigrating leukocytes have
been observed in vivo and termed ‘‘domes’’ [166, 170].
Domes are formed by basolateral and apical endothelial
domains and may constitute the final outcome of all the
different processes of membrane reorganization that are
individually observed in vitro. Although little is known
about the molecular players that are important for these
structures, leukocyte-specific protein 1 (LSP1), an F-actin-
binding protein recently shown to be expressed in the
endothelium, seems essential for effective neutrophil
transmigration and dome formation, supporting again the
idea of a central role for subcortical actin in endothelial
surface reorganization [170].
Concluding remarks
Leukocytes induce the simultaneous engagement of a
plethora of endothelial receptors that orchestrate intracel-
lular signaling pathways in order to facilitate diapedesis.
The molecular complexity of diapedesis, revealed in recent
years, is probably a consequence of the central and multi-
tasking role of the endothelium in preserving the integrity of
small vessels. Control of mechanical stress, plasma leakage
and leukocyte transmigration all happen simultaneously in
the initial inflammatory response and must be regulated by
the endothelium. One important feature in this response is
membrane dynamics, which has been summarized in this
review that has been focused on the endothelial side. In the
future, the major challenge for a deeper understanding of
endothelial membrane remodeling upon leukocyte interac-
tion will be the integration between the information on
nanoscale membrane reorganization, such as the coales-
cence of tetraspanin-adhesion receptor domains, with that
on microscale events, in which the submembrane cyto-
skeleton plays a complementary and scaffolding function.
In this regard, both tetraspanin webs and lipid rafts have
been shown to be involved in the dynamics of microvilli or
in vesicle trafficking in other cellular processes [171–173],
so they may well participate in the formation of docking
structures or endothelial invaginations in response to leu-
kocyte locomotion and diapedesis. It can also be noticed
that the studies reviewed here have mainly been performed
using sophisticated in vitro experimental techniques,
whereas in vivo analyses of these endothelial responses are
still rare. Thus, the in vivo validation of these in vitro results
is clearly another main challenge in this exciting field. It is
to be hoped that further insight into these aspects of endo-
thelial cell–leukocyte interactions will help us to gain
control of dysfunctional leukocyte extravasation in the
origin of several inflammatory pathologies.
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MYADM controls endothelial barrier function 
through ERM-dependent regulation of ICAM-1 
expression
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ABSTRACT The endothelium maintains a barrier between blood and tissue that becomes 
more permeable during inflammation. Membrane rafts are ordered assemblies of cholesterol, 
glycolipids, and proteins that modulate proinflammatory cell signaling and barrier function. 
In epithelial cells, the MAL family members MAL, MAL2, and myeloid-associated differentia-
tion marker (MYADM) regulate the function and dynamics of ordered membrane domains. 
We analyzed the expression of these three proteins in human endothelial cells and found that 
only MYADM is expressed. MYADM was confined in ordered domains at the plasma mem-
brane, where it partially colocalized with filamentous actin and cell–cell junctions. Small inter-
fering RNA (siRNA)-mediated MYADM knockdown increased permeability, ICAM-1 expres-
sion, and leukocyte adhesion, all of which are features of an inflammatory response. Barrier 
function decrease in MYADM-silenced cells was dependent on ICAM-1 expression. Mem-
brane domains and the underlying actin cytoskeleton can regulate each other and are con-
nected by ezrin, radixin, and moesin (ERM) proteins. In endothelial cells, MYADM knockdown 
induced ERM activation. Triple-ERM knockdown partially inhibited ICAM-1 increase induced 
by MYADM siRNA. Importantly, ERM knockdown also reduced ICAM-1 expression in response 
to the proinflammatory cytokine tumor necrosis factor-α. MYADM therefore regulates the 
connection between the plasma membrane and the cortical cytoskeleton and so can control 
the endothelial inflammatory response.
INTRODUCTION
The endothelium lines the inner side of blood vessels, forming a bar-
rier between the blood and the surrounding tissue that is essential for 
vascular homeostasis. The endothelium mediates the passage of 
small molecules and cells from the bloodstream to the tissues, with-
out compromising its integrity, in the presence of continuous osmotic 
and shear stress. The organization of the endothelial cell surface, the 
biological fence facing the vessel lumen, is thus essential for integrat-
ing signals from different sources that modulate selective permeabil-
ity, such as mechanical forces, cytokine signaling, and cell–cell inter-
actions (Millán and Ridley, 2005; Simionescu, 2007; Vandenbroucke 
et al., 2008; Reglero-Real et al., 2012).
The architecture of the endothelial surface is determined by 
the links between the plasma membrane, surface proteins, and under-
lying cytoskeleton. In the current paradigm, lipids and transmem-
brane proteins are connected to the underlying cytoskeleton like a 
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altering barrier function through the increase of the adhesion recep-
tor ICAM-1. The rise in ICAM-1 levels is mediated by MYADM-regu-
lated activation of ERM proteins. Collectively our results strongly sug-
gest that the interaction between the plasma membrane and the 
submembrane actin cytoskeleton at the endothelial surface controls 
the inflammatory response.
RESULTS
MYADM is confined into ordered domains in the endothelial 
plasma membrane
Specific types of highly polarized epithelial cells express the MAL 
family members MAL and MAL2, which are involved in specialized, 
raft-dependent, apical vesicular trafficking (Puertollano et al., 1999; 
de Marco et al., 2002). MYADM, in contrast, is expressed ubiqui-
tously and organizes membrane rafts at the epithelial cell surface, 
thereby affecting cell spreading and motility (Aranda et al., 2011). 
The endothelium can be considered as a simple squamous epithe-
lium (Palade et al., 1979). Because ordered membrane domains 
have been shown to be central to endothelial barrier function and 
signaling (Muppidi et al., 2004; Heyraud et al., 2007; Chidlow and 
Sessa, 2010; Triantafilou et al., 2010), we wondered whether these 
MAL proteins are expressed and play a role in primary human en-
dothelial cells. Detergent-resistant membrane (DRM) fractions were 
isolated from confluent human umbilical vein endothelial cells 
(HUVECs) and blotted with antibodies against MAL, MAL2, and 
MYADM, together with a panel of cell lines used as positive and 
negative controls. Endogenous MYADM was clearly detected in 
DRM fractions from all the analyzed cell types, including HUVECs, 
consistent with the ubiquitous expression pattern previously re-
ported (Aranda et al., 2011). In contrast, MAL and MAL2 were de-
tected only in DRM fractions from epithelial PC3 and Madin-Darby 
canine kidney (MDCK) cells (Figure 1A). Quantitative PCR (qPCR) 
assays confirmed that expression of MAL and MAL2 was negligible 
in HUVECs (Figure 1B). Further analysis of MYADM fractionation in 
HUVECs showed that this protein is almost exclusively found in 
DRMs (Figure 1, C and D). The 2B12 monoclonal antibody (mAb), 
raised against human MYADM is not suitable for immunofluores-
cence analysis (Aranda et al., 2011). For the study of MYADM distri-
bution, MYADM-green fluorescent protein (GFP) was expressed in 
human endothelial cells and analyzed by confocal microscopy. 
MYADM-GFP also partitioned in DRMs, indicating that the GFP tag 
does not alter MYADM insertion in plasma membrane domains 
(Figure 1E). MYADM-GFP was localized at the plasma membrane 
and in cell–cell junctions in confluent endothelial cells, and this 
distribution overlapped with the staining for filamentous actin 
and junctional markers, such as vascular endothelial (VE)-cadherin 
(Figure 1F, insets). A partial colocalization of MYADM-GFP at cell–cell 
junctions was also found with platelet endothelial cell adhesion mole-
cule (PECAM)-1, p120-catenin, occludin, and nectin-2 (Supplemental 
Figure S1). In contrast, MYADM-GFP showed little colocalization with 
caveolin-1, a raft-associated protein essential for vascular homeosta-
sis (Chidlow and Sessa, 2010), or with CD59, a glycosylphosphati-
dylinositol (GPI)-anchored protein often used as a marker of mem-
brane rafts (Millán et al., 2006), which suggests that MYADM could 
organize ordered membrane domains differently from caveolae or 
CD59 in human endothelial cells (Figure 1F).
MYADM knockdown induces an inflammatory-like 
phenotype by inducing ICAM-1 expression
To gain insight into the role of MYADM in endothelial cells, we 
investigated the effects of three different small interfering RNAs 
(siRNAs) that targeted MYADM with low (siMYADM 1), medium 
picket fence that controls the stiffness of the cell surface and the abil-
ity of lipids and proteins to diffuse and signal (Ritchie et al., 2003). 
The 4.1 family proteins, ezrin, radixin, and moesin (ERM), are the 
best-known connectors between plasma membrane, transmem-
brane receptors, and the subcortical actin cytoskeleton (Bretscher 
et al., 2002; Viola and Gupta, 2007). An additional level of complex-
ity in cell surfaces arises from the fact that the complex mixture of 
lipids forming the plasma membrane does not distribute homoge-
neously but can form microdomains with specific subsets of proteins. 
The model that best explains this heterogeneity, although it is still 
under debate, posits the existence of liquid-ordered membrane do-
mains enriched in glyco lipids and cholesterol, termed membrane 
rafts. Raft-mediated plasma membrane condensation would regulate 
signaling, protein trafficking, and compartmentalization (Lingwood 
and Simons, 2010; Simons and Gerl, 2010).
Some evidence suggests a mutual regulation between ERM pro-
teins and ordered membrane rafts (Viola and Gupta, 2007). On acti-
vation, ERMs acquire an open conformation in which the N-terminal 
Four point one, ezrin, radixin-moesin (FERM) domain interacts di-
rectly or indirectly with the cytoplasmic tails of transmembrane recep-
tors, and the C-terminal domain binds to actin filaments (Fehon et al., 
2010). The FERM domain binds the raft lipid phosphatidylinositol 
4,5-bisphosphate (PIP2) and some transmembrane proteins that also 
partition into ordered membranes (Wojciak-Stothard et al., 1999; 
Tilghman and Hoover, 2002; Johnson et al., 2008; Kwiatkowska, 
2010). ERMs themselves have also been found compartmentalized 
into ordered membrane domains (Tomas et al., 2002; Gupta et al., 
2006; Heyraud et al., 2007). Finally, active ERMs have been shown to 
regulate membrane raft content (Prag et al., 2007) and prevent mem-
brane raft coalescence (Gupta et al., 2006).
Inflammatory cytokines have the ability to alter the endothelial 
barrier to cells and solutes by mechanisms that are not completely 
understood (Vandenbroucke et al., 2008). Disruption of cholesterol-
rich membrane rafts has been shown to either promote or ameliorate 
inflammation in different cell types (Legler et al., 2003; Flemming 
et al., 2004; Meng et al., 2010). In addition, cytokines such as tumor 
necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) activate ERM pro-
teins. This activation mediates the increase in endothelial permeabil-
ity or the transcriptional regulation in response to TNF-α (Kishore 
et al., 2005; Koss et al., 2006). However, the full role of ERM activa-
tion in the endothelial inflammatory response is still not well defined. 
It is of note that ERM proteins play an important role localizing recep-
tors involved not only in leukocyte adhesion but also in the regulation 
of endothelial permeability in an inflammatory context, for example, 
intercellular adhesion molecule (ICAM)-1 or vascular cell adhesion 
molecule (VCAM)-1 (van Wetering et al., 2003; Clark et al., 2007; 
Sumagin et al., 2008).
In the current model of ordered membrane domains or rafts, pro-
tein machinery associated with these platforms is required to specify 
their function in the cell (Bauer and Pelkmans, 2006; Lingwood and 
Simons, 2010). The MAL family consists of integral proteins with sev-
eral transmembrane domains involved in membrane dynamics 
(Sanchez-Pulido et al., 2002). Several lines of evidence support a role 
for these proteins in events related to organization of membrane do-
mains, such as polarized membrane trafficking or plasma membrane 
reorganization in response to extracellular signaling (Puertollano 
et al., 1999; Anton et al., 2008; Goldstein Magal et al., 2009; Anton 
et al., 2011; Aranda et al., 2011). Myeloid-associated differentiation 
marker (MYADM) is a MAL family protein that regulates membrane 
order in migrating epithelial cells (Aranda et al., 2011). In this paper, 
we report that MYADM is a component of endothelial surface rafts. 
MYADM knockdown induces an inflammatory-like phenotype, 
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(siMYADM 2), and high efficiency (siMYADM 
3; Figure 2, A and B). MYADM silencing 
caused a clear disruption of the endothelial 
monolayer and partially disorganized cell–
cell junctions, as shown by staining of β-
catenin, VE-cadherin, or PECAM-1 (Figure 
2, C and D). MYADM reduction induced the 
appearance of intercellular gaps (Figure 2, 
C and D, asterisks, and E) and increased 
both filamentous (F)-actin (Figures 2, C and 
F, and S2) and permeability in Transwell as-
says (Figure 2G). Collectively these results 
indicate that MYADM knockdown caused 
endothelial barrier dysfunction.
Increased permeability and polymeriza-
tion of actin are prototypical endothelial 
responses to several inflammatory stimuli 
(Pober and Sessa, 2007). We tested 
whether MYADM knockdown was inducing 
an inflammatory-like response by following 
the expression of different receptors previ-
ously involved in leukocyte adhesion and 
permeability and considered typical inflam-
matory markers (Albelda, 1991; Clark et al., 
2007; Sumagin et al., 2008). Western blot 
analysis indicated that reduction of MYADM 
levels induced the expression of the adhe-
sion receptor ICAM-1, but not of E-selectin 
or VCAM-1 (Figure 3, A and B). MYADM 
knockdown also increased ICAM-1 mRNA, 
as shown by qPCR experiments (Figure 
3C). Immunofluorescence assays revealed 
the surface accumulation of this receptor in 
MYADM-depleted cells (Figure 3D). In con-
trast, no difference was found in the ex-
pression of different components of cell–
cell junctions involved in modulation of 
barrier function in an inflammatory context 
(Fernandez-Martin et al., 2012; Reglero-Real 
et al., 2012), such as VE-cadherin, β-catenin, 
p120-catenin, and PECAM-1 (Figure 3A). 
The Rho GTPases RhoA, Rac1, and Cdc42 
have been involved in permeability and 
F-actin regulation. No statistically significant 
changes were detected in their activity upon 
MYADM knockdown (Figure S3, A and B). 
Also, no significant alteration was detected 
in the phosphorylation of regulatory myosin 
FIGURE 1: MYADM is a transmembrane protein associated with endothelial DRMs. (A) The 
indicated cell types were extracted with 1% Triton X-100 at 4ºC and centrifuged to equilibrium 
in sucrose density gradients. Aliquots from DRMs were immunoblotted for MYADM, MAL2, 
human MAL (hMAL), canine MAL (dMAL), and caveolin-1 (Cav-1). (B) RNA from the indicated 
cells was isolated and the expression of MYADM, MAL2 and MAL transcripts was analyzed by 
qPCR. Results were normalized to mRNA levels of housekeeping genes (β-actin and GADPH) 
and represented as percentage of PC3 mRNA levels for MYADM and MAL2 transcripts (left) or 
Jurkat mRNA levels for the MAL transcript (right). (C) Aliquots from soluble (SOL) and DRM 
fractions from HUVECs were immunoblotted for MYADM, Cav-1 (as a control of endothelial 
DRMs), and transferrin receptor (TfR; as a control of transmembrane proteins in the soluble 
fraction). (D) Quantitation of DRM 
segregation of the indicated protein from 
three independent experiments. (E) DRMs 
were isolated from cells expressing MYADM-
GFP for 24 h and immunoblotted for MYADM 
with anti-MYADM mAb 2B12 and for 
caveolin-1. (F) MYADM-GFP distributes at the 
plasma membrane of HUVECs and partially 
colocalizes with subcortical F-actin and with 
VE-cadherin. Caveolin-1 and CD59 staining 
reveals little colocalization of MYADM-GFP 
with caveolae or with GPI-protein rich-rafts in 
endothelial cells. Scale bar: 20 μm.
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FIGURE 2: MYADM knockdown alters endothelial barrier function. (A) HUVECs were transfected in parallel with control 
siRNA (siControl) or with three different siRNAs targeting MYADM (siMYADM). At 72 h after transfection, MYADM 
levels were analyzed by immunoblotting. ERK-1/2 and caveolin-1 (Cav-1) levels are shown as loading controls. 
(B) Quantitation of MYADM reduction in response to siRNA transfection. The mean + SEM from three independent 
experiments is presented. (C and D) HUVECs were transfected with the indicated siRNAs and plated at confluence on 
fibronectin-coated coverslips. After 72 h, cells were fixed and stained for F-actin and β-catenin (C) or VE-cadherin or 
PECAM-1 (D) to detect cell–cell junctions. Asterisks in the images indicate intercellular gaps. Scale bar: 20 μm for (C) 
and 10 μm for (D). (E) Quantitation of intercellular gaps in cells transfected with the indicated siRNAs. (F) Cells were 
fixed and stained with antibody against total actin or with TRITC–phalloidin. Quantitation of the ratio F-actin/total actin 
(see Figure S2). (G) HUVECs were transfected with the indicated siRNAs and plated at confluence on Transwells, and 
permeability assays were performed 72 h after transfection. The mean + SEM from three independent experiments is 
shown. *, p < 0.05; **, p < 0.01.
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FIGURE 3: MYADM knockdown induces ICAM-1 expression. HUVECs were transfected with the indicated siRNAs for 
72 h, and the expression of different proteins involved in endothelial barrier function was analyzed by Western blot (A). 
Quantitation of ICAM-1 protein (B) and mRNA by qPCR (C). The mean + SEM from three (B) and two (C) independent 
experiments is shown. **, p < 0.01. (D) Localization of ICAM-1 in siRNA-transfected cells by immunofluorescence 
analysis. (E) HUVECs expressing MYADM-GFP for 36 h were stimulated with TNF-α (10 ng/ml) for 6 h to induce 
detectable levels of ICAM-1. Subsequently the receptor was cross-linked with specific antibodies (X-ICAM-1). Cells were 
fixed, permeabilized, and stained with TRITC–phalloidin to visualize F-actin. (F) HUVECs expressing MYADM-GFP were 
starved, stimulated with TNF-α (10 ng/ml) for 6 h to induce expression of adhesion receptors, and then incubated with 
T-cells for 15 min. Cells were fixed and stained with TRITC–phalloidin to visualize F-actin (top panels) or with TRITC–
phalloidin and anti–caveolin-1 antibody (bottom panels). T-cells adhering or transmigrating were morphologically 
distinguishable by the F-actin staining (red dotted line). Right graphs show intensity profiles across the T-cell–endothelial 
cell interaction area along the indicated white arrows.
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cells, whereas cells undergoing double silencing for MYADM and 
ICAM-1 restored endothelial barrier upon calcium replenishment, 
with dynamics comparable with control cells. In accordance, analysis 
of β-catenin staining showed that ICAM-1 reduction ameliorates the 
loss of cell–cell junction integrity in MYADM knockdown cells (Figure 
5, C and D). These experiments indicate that increased ICAM-1 ex-
pression mediates endothelial barrier reduction upon MYADM 
knockdown.
MYADM knockdown increases ERM phosphorylation
MYADM colocalizes with the cortical actin cytoskeleton and regu-
lates ordered membrane domains at the plasma membrane (Aranda 
et al., 2011). We hypothesized that MYADM controls the inflamma-
tory status by regulating proteins involved in plasma membrane 
and/or cortical actin organization of endothelial cells (Viola and 
Gupta, 2007). Activation of ERM proteins, connectors between the 
plasma membrane and the cytoskeleton, increases permeability in 
microvascular endothelial cells during the inflammatory response 
(Koss et al., 2006), so we tested the effect of MYADM knockdown on 
ERM phosphorylation at a specific threonine residue that is required 
for their conformational change and subsequent activation. Western 
blotting with an antibody recognizing phosphorylated ezrin (T567), 
radixin (T564), and moesin (T558) revealed that MYADM silencing 
increased ERM phosphorylation two- to threefold (Figure 6, A and 
B). Confocal analysis of MYADM-depleted cells confirmed an in-
crease in phosphorylated ERMs at the plasma membrane (Figure 
6C). Both in control and MYADM-depleted cells, pERM appeared 
particularly enriched in junctional membrane projections, often con-
necting two adjacent cells. The length of these border protrusions 
increased in response to MYADM knockdown (Figure 6C, arrow-
heads, and D). We then examined whether ERM phosphorylation 
can contribute to endothelial barrier dysfunction. Transfection of a 
constitutive active form of ERMs (moesin T558D) caused a moder-
ate decrease of cell–cell junction integrity, whereas moesin T558A 
mutant, which is proposed to be in a closed, inactive conformation, 
did not significantly alter the distribution of the junctional marker 
β-catenin (Figure 6, E and F).
ICAM-1 expression increases in response to MYADM 
reduction or TNF-α requires ERM expression
We then examined whether ERM proteins mediate ICAM-1 protein 
increase caused by MYADM knockdown. Cells were transfected with 
control siRNA or siRNA targeting MYADM (siMYADM 2), ERM pro-
teins (siE+R+M), or both (Figures 7A and S5, A and B). MYADM single 
knockdown increased ICAM-1, whereas simultaneous silencing of 
MYADM and ERM proteins reduced ICAM-1 to control levels (Figure 
7, A and B). In MYADM-depleted cells, single knockdown of ezrin, 
radixin, and moesin reduced ICAM-1 expression to a lesser extent 
than simultaneous triple-ERM silencing (Figure S5C). These findings 
indicate that the three proteins are playing additive roles. Accord-
ingly, ERM knockdown diminished the increase in leukocyte adhe-
sion caused by MYADM depletion (Figure 7C). Triple-ERM knock-
down diminished barrier integrity in control cells, due probably to the 
essential role of these cross-linker proteins in connecting membrane 
to subcortical cytoskeleton, so no rescue of function could be per-
formed following this strategy. Together our data indicate that 
MYADM reduction induces a proinflammatory-like phenotype by 
regulating ERM protein phosphorylation and ICAM-1 expression. 
Several protein kinases can potentially regulate ERM phosphoryla-
tion in this particular threonine residue. Among them, classical protein 
kinase C (PKC) family members, serine/threonine kinases that require 
a proper translocation from the cytosol to the plasma membrane and 
light chain, which indicates that actomyosin-mediated contractility 
downstream of RhoA is not affected by MYADM depletion (Figure 
S3C). Although MYADM knockdown induces intercellular gaps, no 
increase in VE-cadherin tyrosine phosphorylation or decrease in β-
catenin association to VE-cadherin was detected upon MYADM 
knockdown (Figure S4), which suggests the stability of adherens 
junctions is not regulated by MYADM expression. Collectively these 
experiments indicate that MYADM plays a role in barrier function 
and ICAM-1 transcriptional regulation.
MYADM did not appear to associate with ICAM-1, in either 
ICAM-1 immunoprecipitation (unpublished data) or cross-linking ex-
periments (Figure 3E). In addition, MYADM did not distribute around 
either adhered or transmigrating leukocytes (Figure 3F), in contrast 
with caveolin-1, which is enriched in areas where T-cells are transmi-
grating transcellularly, as previously described (Carman and Springer, 
2004; Millán et al., 2006; Keuschnigg et al., 2009). Altogether these 
data suggest that MYADM depletion induces an increase in ICAM-1 
expression but that MYADM is not directly associated with ICAM-1 
or involved in ICAM-1 function. To rule out the possibility of an off-
target effect of the siRNA oligonucleotides, we followed a rescue-
of-function strategy by transfecting siMYADM 2, which targets the 3′ 
untranslated region of MYADM mRNA, in wild-type HeLa cells or in 
HeLa cells stably expressing MYADM-GFP (Aranda et al., 2011). The 
MYADM-GFP transcript lacks the 3′ untranslated region and is thus 
resistant to siMYADM 2–mediated knockdown. siMYADM 2 trans-
fection induced ICAM-1 expression only in parental HeLa cells, 
whereas, as predicted, no changes were observed in cells stably 
expressing MYADM-GFP (Figure 4).
MYADM controls endothelial barrier function and ICAM-1 ex-
pression. We next addressed whether alteration of endothelial bar-
rier function in MYADM knockdown (KD) cells is a consequence of 
such receptor increase. HUVECs were transfected with control 
siRNA, siRNA targeting either MYADM (siMYADM 2) or ICAM-1, or 
both simultaneously (Figure 5A), and subjected to calcium-switch 
experiments in an ECIS platform in order to analyze barrier dynamics 
(Figure 5B). Barrier formation was impaired in MYADM knockdown 
FIGURE 4: Exogenous expression of MYADM prevents ICAM-1 
increase in response to MYADM siRNA transfection. (A) Parental HeLa 
cells or HeLa cells stably expressing MYADM-GFP were transfected 
with siControl or siMYADM 2 for 48 h. Cell extracts were then 
immunoblotted with anti–ICAM-1, anti-GFP, anti-MYADM, and 
anti–caveolin-1 (Cav-1) antibodies. (B) Quantitation of ICAM-1 levels in 
HeLa and HeLa-MYADM-GFP transfected with the indicated siRNAs. 
The mean + SEM is shown.
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response to this cytokine (Figure 7, I and J), and TNF-α did not 
significantly alter MYADM levels (Figure S6). Therefore these results 
indicate that ERM also regulates ICAM-1 expression in response to 
physiological inflammatory signaling. Collectively our data suggest 
that a connection between endothelial membrane and cortical actin 
cytoskeleton modulates the inflammatory response.
DISCUSSION
Membrane rafts are cholesterol-enriched ordered domains that reg-
ulate a plethora of signaling pathways. Cytokines such as TNF-α 
(Muppidi et al., 2004) and IL-1β (Oakley et al., 2009) or bacterial li-
gands of Toll-like-receptors (Soong et al., 2004; Triantafilou et al., 
2010) induce proinflammatory signals through membrane rafts. 
Moreover, modulation of cholesterol content in these domains can 
induce or decrease inflammatory signaling in different cell models 
(Legler et al., 2003; Flemming et al., 2004; Meng et al., 2010). 
Collectively these observations suggest that modulation of 
membrane condensation may itself contribute to the endothelial 
inflammatory response, probably by mimicking those changes in 
control endothelial barrier function (Hempel et al., 1997), have been 
shown to phosphorylate ERM proteins in different cellular contexts 
(Ng et al., 2001; Ivetic and Ridley, 2004; Adyshev et al., 2011). We 
addressed whether increased ERM phosphorylation in response to 
MYADM reduction is dependent on PKC by using a specific inhibitor 
for this family of kinases. Incubation with Gö6976 for 8 h partially re-
duced ERM phosphorylation increase in MYADM siRNA–transfected 
cells, which suggests that MYADM is involved in regulating classical 
PKC-mediated activation of ERM proteins at the plasma membrane 
(Figure 7D). Together these results are compatible with a role for 
MYADM organizing endothelial plasma membrane and thereby reg-
ulating the membrane targeting of proteins, such as classical PKCs, 
that control subcortical protein machinery. Finally, we investigated 
whether ERM can also regulate ICAM-1 expression in a more physi-
ological context. TNF-α is a proinflammatory cytokine that induces 
ICAM-1 expression and ERM phosphorylation (Koss et al., 2006; 
Figure 7, E and F). Triple-ERM knockdown reduced ICAM-1 
increment upon TNF-α exposure (Figure 7, G and H). In contrast, 
MYADM knockdown did not exacerbate ICAM-1 increase in 
FIGURE 5: ICAM-1 knockdown prevents alteration of endothelial barrier function in response to MYADM reduction. 
HUVECs were transfected with the indicated siRNAs for 72 h. (A) Western blot analysis of ICAM-1 expression. ERK 1/2 
is shown as a loading control. (B) Dynamics of barrier function in siRNA-transfected cells. Normalized transendothelial 
electrical resistance (TEER) of cells subjected to calcium switch in order to observe barrier formation. Right, quantitation 
of normalized resistance 60 min after calcium switch. The mean + SEM of three independent experiments with duplicate 
readings is shown. **, p > 0.02. (C) Cells were fixed and stained with β-catenin– and ICAM-1–specific antibodies. 
Asterisks in images indicate intercellular gaps. (D) Quantitation of intercellular gaps found in siRNA-transfected cells. 
Thirty images containing around 30 cells each were quantitated. The mean + SEM is shown. *, p < 0.05.
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clustering or diffusion that different stimuli 
can induce on protein signaling machinery 
associated with the plasma membrane. This 
could be important for chronic inflammatory 
diseases such as arteriosclerosis, which is 
triggered by deregulation of homeostasis of 
raft lipids, as is seen in hypercholesterolemia 
(Libby, 2002). However, ordered membrane 
microdomains require protein scaffolds to 
play specific roles within the cell (Bauer and 
Pelkmans, 2006). The MAL proteins contain 
one or two tetra-spanning MARVEL (MAL 
and related proteins for vesicle trafficking 
and membrane link) domains that are in-
volved in membrane apposition (Sanchez-
Pulido et al., 2002). Different experimental 
strategies have shown that these proteins 
have the ability to modulate membrane or-
der or dynamics in a variety of cell types 
(Puertollano et al., 1997; Goldstein Magal 
et al., 2009; Aranda et al., 2011). As a conse-
quence, these proteins control the segrega-
tion into membrane rafts of signaling pro-
teins, such as the tyrosine kinase Lck (Anton 
et al., 2008) or the Rho GTPase Rac-1 
(Aranda et al., 2011). In this paper, we show 
that, of the three MAL family proteins with a 
reported role in raft-mediated function, only 
MYADM is expressed in endothelial cells. 
MYADM is also the only member of the MAL 
family containing two MARVEL domains, 
rather than one. This feature seems to de-
termine its predominant localization at the 
plasma membrane, rather than in vesicular 
compartments (Aranda et al., 2011), al-
though MYADM trafficking has yet to be de-
fined. On the other hand, colocalization 
analysis clearly shows that MYADM-contain-
ing domains are different than those of cav-
eolae or GPI-anchored proteins in endothe-
lial cells, in agreement with our previous 
studies in other cell types or with other MAL 
family proteins (Millán et al., 1997; Aranda 
et al., 2011).
ERM proteins are cross-linkers between 
transmembrane receptors and cortical actin 
filaments that regulate the structure and func-
tion of specific domains at the cell surface, 
namely microvilli or filopodia, and fundamen-
tal signaling processes involved in cell shape, 
junctional stability, motility, and cytokinesis 
(Fehon et al., 2010). Cytokines, such as IL-1β 
FIGURE 6: MYADM knockdown activates ERM proteins. (A) HUVECs were transfected with the 
indicated siRNAs for 72 h, and ERM activation was monitored by Western blot with anti-
pE(T567)R(T564)M(T558)–specific antibody (pERM) and anti-ERM protein antibody. 
(B) Quantitation of pERM activation was performed by measuring the ratio of anti-pERM 
to ERM blotting signal. The mean + SEM from three independent experiments is shown. 
(C and D) HUVECs were transfected as in (A) and fixed with 10% trichloroacetic acid, 
and pERM distribution was analyzed by immunofluorescence. Arrowheads indicate the 
pERM-rich protrusions (C), with their lengths quantitated in (D). (E) The HA-tagged moesin 
mutants, moesin T558A (TA), in an inactive conformation, or moesin T558D (TD), constitutively 
active, were transiently expressed in HUVECs for 48 h. Cells were fixed and stained with anti-HA 
and anti–β-catenin antibodies to detect 
transfected cells and cell–cell junctions, 
respectively. (F) Quantitation of β-catenin 
intensity of transfected cells normalized 
to the intensity of adjacent cells (control). 
Five hundred thirty regions from 53 
transfected cells were analyzed in three 
different experiments. The mean + SEM is 
shown. *, p < 0.05.
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FIGURE 7: ERM knockdown prevents ICAM-1 induction mediated by MYADM knockdown or TNF-α. (A) HUVECs were 
transfected with the indicated siRNAs for 72 h, and MYADM, ERM, and ICAM-1 expression was analyzed by Western 
blotting. (B) Quantitation of ICAM-1 levels in siRNA-transfected cells. (C) siRNA-transfected HUVECs were plated at 
confluence, and adhesion assays were performed 72 h after transfection. The mean + SEM from three independent 
experiments is shown. (D) HUVECs were transfected with the indicated siRNAs for 72 h. Eight hours before lysis, cells 
were incubated or not with 100 nm of the PKC inhibitor Gö6976. Subsequently MYADM, ERM, and ICAM-1 expression 
was analyzed by Western blotting. (E and F) HUVECs were stimulated at different times with TNF-α, lysed, and 
immunoblotted for the indicated antibodies. (G–J) siRNA-transfected HUVECs were stimulated at different times with 
TNF-α, lysed, and immunoblotted for the indicated antibodies. Graphs show the mean ± SEM from three independent 
experiments (H and J). *, p < 0.05; **, p < 0.01.
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MYADM knockdown regulates pathways related to cell stiffness and 
mechanotransduction. Finally, further understanding of the structure 
of membrane ordered domains, their protein machinery, and their 
involvement in inflammatory signaling could lead to the design of 
new therapies for chronic inflammatory diseases.
MATERIALS AND METHODS
Materials
Monoclonal antibody to human MYADM (mAb 2B12) was generated 
as previously described (Aranda et al., 2011). Rabbit anti–ICAM-1, 
anti–caveolin-1 (N-20), and anti-ERK1/2 antibodies were obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti–ICAM-1 
antibody was from R&D Systems (Abingdon, UK). Mouse monoclonal 
anti–VE-cadherin antibody was from BD Biosciences (San Jose, CA). 
Rabbit anti–β-catenin and TRITC/FITC–phalloidin was from Sigma-
Aldrich (St. Louis, MO). Anti–transferrin receptor antibodies were 
purchased from Zymed (San Francisco, CA). Anti-ERM, anti–phos-
pho-ERM, and specific anti-ezrin, anti-radixin, and anti-moesin anti-
bodies were from Cell Signaling Technology (Boston, MA). Hemag-
glutinin (HA)-tagged moesin-TD (T558D) and moesin-TA (T558A) 
were from J. Dêlon (Université René Descartes, Paris, France).
Cell culture and transfection
HUVECs were obtained and cultured as previously described (Millán 
et al., 2010) and were always plated at confluency on fibronectin-
coated dishes for 24–72 h. HeLa, MDCK, and PC3 cells were 
obtained from the American Type Culture Collection (Manassas, VA) 
and grown in DMEM supplemented with 5% fetal bovine serum. 
Isolation of HeLa clones stably expressing MYADM-GFP and human 
memory T-cells for adhesion assays has been described elsewhere 
(Millán et al., 2006; Aranda et al., 2011). HUVECs were transiently 
transfected with 1–5 μg plasmid DNA/106 cells with calcium phos-
phate and used for experiments 24–72 h after transfection. For 
siRNA transfection, we devised a protocol for delivery of siRNA with 
high efficiency into primary endothelial cells that is a modification 
of our previous method (Millán et al., 2006). HUVECs were plated 
at subconfluence (105 cells on each well of a six-well dish) in 
EBM-2 medium (Lonza, Walkersville, MD) with no antibiotics. The 
following day, cells were transfected by mixing 4 μl of oligofectamine 
(Invitrogen, Carlsbad, CA) with siRNA to a final concentration of 
100 nM. At 24 h after transfection, cells were trypsinized and plated 
at confluence onto different dishes for parallel assays, such as per-
meability, adhesion, immunofluorescence, or Western blotting. As-
says were performed 72 h after transfection. Sequences of siRNA 
duplexes targeting MYADM were 5′-CGAGATCACTGGCTATATG-3′ 
(siMYADM 1), 5′-GATGTAAGCTGCAGCCGCA-3′ (siMYADM 2), and 
5′GGTCTAAGACTCTCCCAAG-3′ (siMYADM 3). Ezrin was targeted 
with the siRNA oligonucleotide 5′-CAAGAAGGCACCUGACUUU-3′, 
moesin with 5′-AUAAGGAAGUGCAUAAGUC-3′, and radixin with 
5′-GAACUGGCAUGAAGAACAU-3′. Sequences of siRNA controls 
were obtained from Dharmacon (Lafayette, CO)
DRM isolation
Different cell lines and HUVECs grown to confluence in 100-mm 
dishes were lysed for 20 min in 1 ml of 25 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 4°C, as indicated 
(Millán et al., 2002). DRM fraction was isolated by centrifugation to 
equilibrium in a sucrose discontinuous density gradient in a swing-
ing bucket SW40 rotor (Beckman Coulter, Brea, CA) at 39,000 rpm 
(188,000 × g) for 20 h (Brown and Rose, 1992; Millán et al., 2006). 
Fractions were harvested from the bottom sucrose layer (40%; solu-
ble) and from the above interphase between 5 and 30% sucrose 
and TNF-α, or sphingosine 1-phosphate (S1P), all of which are in-
volved in the regulation of the inflammatory response, can also acti-
vate ERM proteins (Koss et al., 2006; Adyshev et al., 2011; Huang 
et al., 2011). This activation, at least for TNF-α and S1P, mediates 
changes in endothelial barrier function, with different outcomes de-
pending on the stimulus. Ordered domains at the plasma membrane 
and ERM proteins have thus been independently implicated in inflam-
mation. In this study, we demonstrate that siRNA-mediated modula-
tion of MYADM is sufficient to induce activation of ERM proteins, and 
this can act as a signal to alter barrier function and to provoke an in-
flammatory-like response in the absence of inflammatory stimuli. As 
the immunofluorescence analysis indicates, ERM activation occurs at 
the plasma membrane and at cell borders. A previous example of 
cross-regulation between rafts and ERM proteins at the plasma mem-
brane has been reported in B-cells, in which ezrin can modulate the 
dynamics of ordered domains and their ability to contribute to B-cell 
receptor (BCR) signaling (Gupta et al., 2006; Viola and Gupta, 2007). 
Gupta et al. (2006) proposed that, in resting B-cells, active ezrin main-
tains small raft domains that contain signaling molecules and are 
linked to cortical F-actin and dispersed on the cell surface. On BCR 
activation, ezrin becomes transiently inactivated and uncouples actin 
from the plasma membrane domains. These small rafts then coalesce 
and promote downstream B-cell signaling. It is therefore plausible 
that membrane rafts, which are regulated by MYADM, in coordination 
with the ERM proteins, which connect rafts to the subcortical cytoskel-
eton, could mediate clustering, diffusion or localization of proteins 
involved in signaling from inflammatory agonists in endothelial or epi-
thelial cells. In accordance, we have found that, at least for TNF-α, a 
complete inflammatory response requires ERM protein expression. 
MYADM was not modulated by TNF-α, and its reduction had no ef-
fect on TNF-α–mediated ICAM-1 induction. The identification of the 
stimuli that act through MYADM and ERM proteins to promote or in-
hibit inflammation will be important to increase our understanding of 
the endothelial inflammatory response.
ERMs are involved in the inflammatory control of protein expres-
sion (Kishore et al., 2005) and in connecting adhesion receptors, such 
as the ICAM family, to subcortical actin (Viola and Gupta, 2007; 
Reglero-Real et al., 2012). In this paper, we show that ERM expression 
is required for ICAM-1 expression in response to MYADM suppres-
sion or TNF-α. ICAM-1 is a paradigmatic adhesion receptor that regu-
lates leukocyte adhesion. However, its role as a protein essential for 
controlling endothelial permeability both in vivo and in vitro is emerg-
ing (Clark et al., 2007; Sumagin et al., 2008). MYADM knockdown 
selectively increases ICAM-1 expression, but not many other proteins 
involved in barrier function, which indicates this protein selectively 
controls some but not all of the pathways involved in the endothelial 
inflammatory response. ICAM-1 increase is necessary for MYADM-
mediated alteration of barrier properties, which is in agreement with 
previous reports that link leukocyte adhesion and permeability 
through dual roles played by ICAM-1 (Clark et al., 2007; Sumagin 
et al., 2008), VCAM-1 (van Wetering et al., 2003), or PECAM-1 
(Graesser et al., 2002; Fernandez-Martin et al., 2012) receptors.
Regulation of the interaction between the plasma membrane 
and the underlying cytoskeleton is also essential in mechanotrans-
duction (Chien, 2007). Cholesterol-rich membrane domains are re-
quired for signaling propagated by mechanic forces induced by 
shear stress (Yamamoto et al., 2003) or stretch (Zeidan et al., 2003). 
Laminar shear stress elicits proinflammatory signals that promote 
ICAM-1 up-regulation in vitro (Tzima et al., 2002). Pathological 
alteration of these forces in vivo, such as disturbed blood flow, are 
proinflammatory and proatherogenic (Chien, 2007). It is therefore 
possible that membrane and actin reorganization induced by 
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qPCR analysis
One microgram of RNA from HUVECs, PC3, Jurkat, and HepG2 
cell lines was subjected to reverse transcription with the High 
Capacity RNA-cDNA kit (Applied Biosystems, Bedford, MA). qPCR 
was performed from the resulting cDNA in a thermocycler CFX 384 
(Bio-Rad, Hercules, CA) using the SsoFast EvaGreen Supermix 
(Bio-Rad) and the following forward and reverse primers, previ-
ously designed with Probefinder software (Roche Diagnostics, 
Indianapolis, IN): MAL2, 5′-GACATCCTGCGGACCTACTC-3′; 
5′-AGACAAGACCCCCGAACAG-3′. MYADM, 5′-GCCATCTGCT-
TCATCCTAGC-3′; 5′-TAGCACGTTGGTGCACTCC-3′. MAL, 5′-AG-
ACTTCCTGGGTCACCTTG-3′; 5′-CGTCTTGCATCGTGATGGT-3′. 
Parallel qPCR from β-actin and GADPH was performed to 
normalize data from each cell type with the following primers: β-
actin, 5′-CAGGCACCAGGGCGTG-3′; 5′-GTGAGGATGCCTCTCT-
TGCTCT-3′. GADPH, 5′-AGCCACATCGCTCAGACAC-3′; 5′-CG-
CCCAATACGACCAAAT-3′.
layers (DRMs). Equivalent aliquots were subjected to immunoblot 
analysis with the appropriate antibodies.
ICAM-1 cross-linking and immunofluorescence
Anti–ICAM-1 antibody (1 μg/ml) was added to TNF-α–stimulated 
HUVECs for 45 min. Cells were rinsed and incubated with 1 μg/ml of 
fluorophore-coupled secondary antibody for 30 min to induce re-
ceptor clustering. Cells were rinsed and fixed with 4% paraformal-
dehyde for 20 min, blocked with TBS (25 mM Tris, pH 7.4, 150 mM 
NaCl) for 10 min, permeabilized for 5 min with phosphate-buffered 
saline (PBS) containing 0.2% Triton X-100 at 4°C, and incubated at 
37°C with tetramethylrhodamine isothiocyanate (TRITC)-labeled 
phalloidin to visualize F-actin. Specimens were mounted in DAKO 
fluorescent mounting medium (DAKO, Ely, UK). For immunofluores-
cence analysis of adhered T-cells, unlabeled T-cells were added to 
transfected HUVECs stimulated with TNF-α for 6 h. Cells were fixed 
and stained with the indicated antibodies and with TRITC–phalloidin 
to visualize T-cells. For F-actin quantification, confocal images from 
cells stained for TRITC-labeled phalloidin were exported in formats 
compatible with ImageJ software (http://rsb.info.nih.gov/ij). ImageJ 
was used to obtain the mean fluorescence intensities from different 
images of confluent cells.
Adhesion assays
Starved memory T-cells were labeled with 2′,7′,-bis-(2-carboxyethyl)-
5-(and-6)-carboxyfluorescein, acetoxymethyl ester (Molecular 
Probes, Eugene, OR) in serum-free medium for 20 min, washed with 
medium containing 1% BSA, and incubated for 15 min at 37°C 
with confluent HUVECs previously transfected with different siRNAs. 
Nonadhered cells were washed off, and adhesion was determined 
by fluorescence measurement in a Fusion α-FS fluorimeter (Perkin 
Elmer-Cetus, Waltham, MA). Data were processed and statistical 
significance was determined using Student’s t test (Microsoft 
Excel; Redmond, WA). For immunofluorescence analysis of adhered 
T-cells, unlabeled T-cells were added to transfected HUVECs stimu-
lated with TNF-α for 6 h. Cells were fixed and stained with TRITC–
phalloidin (to visualize T-cells) and with the indicated antibodies.
Permeability assays
Permeability assays were carried out as previously described 
(McKenzie and Ridley, 2007). siRNA-transfected HUVECs were 
plated at confluence on fibronectin-coated Transwells of 0.4-μm 
diameter. FITC-dextran (Mr 42,000; Sigma–Aldrich) was applied 
apically at 0.1 mg/ml and allowed to equilibrate for 60 min before a 
sample of the medium was removed from the lower chamber to 
measure fluorescence in the Fusion α-FS fluorimeter. The arithmetic 
mean, SE, and statistical significance corresponding to a Student’s t 
test were calculated in Microsoft Excel. Alternatively, real-time per-
meability assays were performed using an electric cell-substrate im-
pedance sensing system (ECIS 1600R; Applied Biophysics, Troy, NY) 
as previously described (Fernandez-Martin et al., 2012). Briefly, 
2 × 105 cells/cm2, previously transfected with the indicated siRNA 
oligonucleotides, were plated in a well precoated with fibronectin 
(200 mg/ml) and containing 10 small-fold electrodes and a counter-
electrode (8W10E arrays; IBIDI, Martinsried, Germany). After 48 h at 
confluency, transendothelial electrical resistance (TEER) was mea-
sured in each well (4000-Hz frequency). The TEER analysis included 
basal measurements during the first 2 to 4 h, followed by a calcium-
switch assay in which cells were incubated in PBS for 20 min and the 
calcium levels were subsequently restored by replenishment with 
normal EBM-2 medium. Data were normalized to the mean resis-
tance detected before the calcium switch.
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Intercellular junctions in the endothelium regulate the permeability between blood and tissues and thereby play 
an essential role in tissue homeostasis and inflammatory 
responses.1–4 Endothelial cell–cell contacts contain tight 
junctions and adherens junctions (AJ), which are also found 
in epithelium, as well as some junctional proteins that are 
unique to endothelial cells, such as platelet endothelial cell 
adhesion molecule-1 (PECAM-1), intercellular adhesion 
molecule-2, and S-endo I.1 Vascular endothelial (VE)-
cadherin is a transmembrane homophilic adhesion receptor 
specific to endothelial AJ. Like E-cadherin, the VE-cadherin 
intracellular tail interacts with β-catenin, γ-catenin, and p120-
catenin. β-catenin binds to α-catenin that has the potential to 
link the AJ complex to the actin cytoskeleton.5–7 In epithelial 
cells, α-catenin also binds to actin-interacting proteins, such 
as zonula occludens-1, vinculin, and α-actinin, acting as a 
mechanosensor that regulates AJ stability.8–10 However, a 
direct link between cortical F-actin and α-catenin in epithelial 
AJ has been called into question by data demonstrating that 
the binding of α-catenin to β-catenin and F-actin is mutually 
exclusive. It has been proposed that α-catenin instead 
stabilizes AJ by regulating actin polymerization.11,12
Endothelial cell–cell junctions are regulated by inflam-
matory stimuli, which often act by inducing reorganization 
of the actin cytoskeleton. Acute inflammatory stimuli, such 
as histamine and thrombin, activate the RhoA GTPase, and 
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Objective—Endothelial cells provide a barrier between the blood and tissues, which is reduced during inflammation to allow 
selective passage of molecules and cells. Adherens junctions (AJ) play a central role in regulating this barrier. We aim to 
investigate the role of a distinctive 3-dimensional reticular network of AJ found in the endothelium.
Methods and Results—In endothelial AJ, vascular endothelial-cadherin recruits the cytoplasmic proteins β-catenin 
and p120-catenin. β-catenin binds to α-catenin, which links AJ to actin filaments. AJ are usually described as linear 
structures along the actin-rich intercellular contacts. Here, we show that these AJ components can also be organized in 
reticular domains that contain low levels of actin. Reticular AJ are localized in areas where neighboring cells overlap 
and encompass the cell adhesion receptor platelet endothelial cell adhesion molecule-1 (PECAM-1). Superresolution 
microscopy revealed that PECAM-1 forms discrete structures distinct from and distributed along AJ, within the voids 
of reticular domains. Inflammatory tumor necrosis factor-α increases permeability by mechanisms that are independent 
of actomyosin-mediated tension and remain incompletely understood. Reticular AJ, but not actin-rich linear AJ, were 
disorganized by tumor necrosis factor-α. This correlated with PECAM-1 dispersal from cell borders. PECAM-1 
inhibition with blocking antibodies or small interfering RNA specifically disrupted reticular AJ, leaving linear AJ intact. 
This disruption recapitulated typical tumor necrosis factor-α–induced alterations of barrier function, including increased 
β-catenin phosphorylation, without altering the actomyosin cytoskeleton.
Conclusion—We propose that reticular AJ act coordinately with PECAM-1 to maintain endothelial barrier function in 
regions of low actomyosin-mediated tension. Selective disruption of reticular AJ contributes to permeability increase in 
response to tumor necrosis factor-α. (Arterioscler Thromb Vasc Biol. 2012;32:e90-102.)
Key Words: vascular endothelial-cadherin  platelet endothelial cell adhesion molecule-1  F-actin  
 tumor necrosis factor-α  endothelial barrier function
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its targets, the Rho-serine/threonine kinases (ROCK), stimu-
late  actomyosin-based contractility and thereby contribute to 
a rapid increase in endothelial permeability.13,14 In contrast, 
stimuli such as tumor necrosis factor-α (TNF-α) induce 
slower but more prolonged changes in actin stress fibers 
and a parallel slow increase in permeability. This long-term 
permeability induction, however, neither correlates with the 
activation of RhoA-ROCK-myosin pathway nor is reduced by 
ROCK or myosin inhibition.15–17 This indicates that TNF-α 
alters the endothelial barrier by mechanisms independent of 
actomyosin-based contractility. Alternatively, other signal-
ing proteins, including the phosphoinositide 3-kinase isoform 
p110α, Rac1, and the tyrosine kinase Pyk2, affect TNF-α–
induced permeability.18,19
PECAM-1 is a transmembrane receptor of the immunoglob-
ulin superfamily that forms homophilic interactions between 
adjacent endothelial cells or between endothelial cells and 
leukocytes. PECAM-1 is not only important for efficient leu-
kocyte transmigration20–23 but can also modulate endothelial 
permeability in response to acute contraction through regu-
lation of β-catenin function.22,24–26 It has been reported that 
PECAM-1 is localized in a subjunctional compartment from 
where it constitutively recycles to the junctional plasma mem-
brane.21 This localization is necessary for PECAM-1 function 
in leukocyte transendothelial migration, although the nature 
and regulation of this compartment are still unclear.
In cuboidal epithelial cells, tight junctions are localized 
close to the apical membrane, and AJ are situated beneath them 
in the junctional cleft. Tight junctions and AJ are associated 
with a subcortical actin ring that stabilizes these complexes. 
Here, we investigate the properties of AJ that are distributed 
in a distinctive 3-dimensional reticular network, which is 
selectively found in quiescent endothelial cells. Reticular AJ 
are localized in regions where neighboring endothelial cells 
overlap, which contain low levels of actin and are enriched in 
PECAM-1. We demonstrate that VE-cadherin and PECAM-1 
are interdependent within these reticular structures. Reticular 
AJ disorganization in response to PECAM-1 inhibition is suf-
ficient to mimic typical TNF-α–mediated alterations of the 
endothelial barrier. As an alternative to actomyosin-based ten-
sion, regulation of PECAM-1 and AJ crosstalk could contrib-
ute to vascular permeability increase in response to TNF-α.
Methods
Cell Culture and Transfection
Human umbilical vein endothelial cells (HUVECs) and human 
dermal microvascular endothelial cells were obtained and cul-
tured as previously described27 and always plated at confluency on 
fibronectin-coated dishes for 24 to 48 hours, then stimulated with 
10 ng/mL TNF-α for 15 to 18 hours before experiments. HUVECs 
were transiently transfected with 1 to 5 μg plasmid DNA/106 cells 
with a Nucleofector kit (VPB-1002) (Amaxa Biosystems, Cologne, 
Germany) according to the manufacturer’s instructions and were used 
for experiments 24 to 72 hours after transfection. For small interfer-
ing RNA (siRNA) transfection, we devised a protocol for delivery of 
siRNA with high efficiency into primary endothelial cells, which is 
a modification of our previous method27 (see Methods in the online-
only Data Supplement). For rescue experiments, 24 hours after trans-
fection of siRNA, the indicated plasmids were transfected by the 
phosphate calcium method.
Barrier Function Assays
An electric cell-substrate impedance sensing system (ECIS 1600R; 
Applied Biophysics, Troy, NY) was used to measure transendothe-
lial electrical resistance (a measure of endothelial barrier integrity 
and permeability) of HUVEC monolayers seeded on gold electrode 
arrays (IBIDI, Martinsried, Germany) as previously described.28 
Permeability assays were carried out as previously described16,29 (see 
Methods in the online-only Data Supplement).
Results
AJ Form Reticular Structures in Endothelial Cells
Endothelial cell–cell junctions exhibit a remarkable morpho-
logical heterogeneity. This reflects the functional requirements 
for barrier function, which differ according to the physiological 
context and the type of vessel in the vascular tree.30–32 In qui-
escent HUVECs, VE-cadherin is linearly distributed along cell 
borders, similar to what occurs in epithelial AJ (Figure 1A and 
1B, arrows), but it also appears distributed in reticular struc-
tures that cover significant areas at cell borders (Figure 1A, 
boxed area).21,33 The fact that AJ displaying this characteristic 
3-dimensional distribution have hitherto been poorly character-
ized prompted us to investigate their functional properties. The 
AJ proteins α-catenin, β-catenin, and p120-catenin all local-
ized in reticular structures, which we therefore named reticular 
AJ (Figure 1B, arrowhead). In contrast, the junctional protein 
zonula occludens-134 did not have a reticular distribution but 
was localized linearly along cell–cell borders and also in lin-
ear discontinuous domains, together with AJ components, as 
previously described (Figure 1B, arrowhead).35 Reticular AJ 
were also present in human dermal microvascular endothelial 
cells, but they were not found in epithelial Madin-Darby canine 
kidney cells or in the endothelial cell line Ey.ha.926, formed 
by fusion of HUVECs with the human lung adenocarcinoma 
A549 (Figure 1C).36 In these cell types, AJ localization was lin-
ear along cell–cell borders. These results suggest that reticular 
AJ structures are restricted to primary endothelial cells.
Expression of p120-catenin-dsRed and p120-catenin-GFP in 
adjacent cells indicated that reticular AJ formed where neigh-
boring cells overlapped and that AJ proteins from both cells con-
tributed to the structures (Figure 1D, arrowhead). Transmission 
electron microscopy images showed that adjacent HUVECs fre-
quently overlapped, and multiple electron-dense regions resem-
bling cell–cell junctions were localized where membranes from 
overlapping cells were closely apposed (Figure 1E, arrowheads), 
consistent with the presence of reticular AJ. Although the possi-
bility that part of reticular AJ are located in a subjunctional inter-
nal compartment cannot be ruled out, these experiments strongly 
suggest that reticular AJ are formed by homotypic interactions 
occurring at the surfaces of 2 neighboring cells that superpose.
AJ have the potential to associate with actin filaments 
via α-catenin,37 although it has been proposed that epithe-
lial cadherin/catenin complexes are not directly linked to 
F-actin.12 In HUVECs, linear AJ colocalized with cortical 
F-actin at cell borders as expected (Figure 2A, arrow). In 
contrast, F-actin did not form reticular structures, and little 
F-actin was detected in regions of reticular AJ in compari-
son with linear AJ. F-actin was instead localized along the 
edges of reticular AJ (Figure 2A, arrowheads). Intensity pro-
files of F-actin in linear AJ and reticular AJ (Figure 2A, right 
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graphs) showed that F-actin content in reticular AJ is similar 
to the intensity found in cytoplasmic areas. Consistent with 
low levels of F-actin within reticular AJ, in cells transfected 
with actin-mCherry, mCherry fluorescence was less intense in 
areas where endogenous β-catenin and p120-catenin were in 
reticular AJ than in surrounding regions (Figure 2B, arrow-
head, inset, right graph). Expression of actin-mCherry and 
actin-green fluorescent protein (GFP) in neighboring cells 
showed F-actin filaments (Figure IA in the online-only Data 
Supplement, arrow) at the edge but not within reticular AJ 
(Figure IA in the online-only Data Supplement, arrowheads). 
Double immunofluorescence of β-catenin with an antibody 
against an epitope common to all actin isoforms also indicated 
that actin levels were low in reticular AJ (Figure 2C, right 
graph). Finally, stimulated emission depletion superresolu-
tion microscopy of F-actin at junctions also revealed no sig-
nificant actin accumulation in reticular AJ structures (Figure 
IB in the online-only Data Supplement). Time-lapse movies 
of confluent cells coexpressing actin-GFP and p120-catenin-
dsRed showed that, compared with other regions at cell bor-
ders, reticular AJ contain lower levels of actin-GFP (Figure 
2D). These domains underwent morphological remodeling 
(Movie I in the online-only Data Supplement, arrowheads) 
but looked as stable as actin-rich AJ (Movie I in the online-
only Data Supplement, arrows). It, therefore, appears that 
endothelial AJ can form reticular structures that are stable 
at cell–cell contacts without associating with large F-actin 
domains. Furthermore, markers of actomyosin-based tension 
transduction such as myosin light chain phosphorylation at 
Ser-19 or vinculin9 were not enriched in reticular AJ (Figure 
IIA in the online-only Data Supplement, arrowheads, boxed 
area). Myosin light chain phosphorylation staining was found 
distributed not only in linear structures, suggestive of align-
ment with actin filaments (Figure IIA in the online-only Data 
Supplement, brackets), but also in linear AJ (Figure IIA in the 
online-only Data Supplement, arrows). Vinculin localized to 
focal adhesions in subconfluent regions, but it was mostly dif-
fuse in confluent endothelial cells (Figure IIB in the online-
only Data Supplement), similar to the previously described 
distribution of other focal adhesion proteins such as paxillin.35 
Our results thus suggest that reticular AJ are in regions of low 
actomyosin-mediated tension.
PECAM-1 Localizes Within Reticular AJ
PECAM-1 has been described as localizing to an internal 
subjunctional compartment called lateral border recycling 
compartment (LBRC),21 which appears to resemble the 
distribution of reticular AJ. We, therefore, analyzed the 
distribution of PECAM-1 in relation to reticular AJ. PECAM-1 
Figure 1.  Endothelial adherens junctions 
(AJ) are distributed in linear and reticular 
domains. A and B, Conﬂuent human 
umbilical vein endothelial cells (HUVECs) 
were ﬁxed, permeabilized, and stained 
with antibodies to the indicated proteins. 
Vascular endothelial (VE)-cadherin, 
α-catenin, β-catenin, and p120-catenin are 
distributed in reticular structures (enlarged 
boxed area and arrowheads), which are 
morphologically distinguishable in phase 
contrast images (A). They also distributed 
linearly along cell–cell junctions (arrow) 
or in linear discontinuous junctions away 
from cell borders30 (open arrowheads). 
Note that zonula occludens-1 (ZO-1) 
does not have a reticular distribution. C, 
Conﬂuent human dermal microvascular 
endothelial cells (HDMVECs), Madin-Darby 
canine kidney (MDCK) cells, and EA.hy.926 
cells were stained with antibodies to 
the indicated proteins. Arrowheads 
indicate reticular AJ. D, Reticular AJ are 
localized in areas where 2 adjacent cells 
overlap. HUVECs were nucleofected 
with expression vectors containing 
p120-catenin-dsRed (p120-dsRed) or 
p120-catenin-green ﬂuorescent protein 
(GFP) (p120-GFP), mixed, and plated at 
conﬂuence for 24 hours in growth medium 
before ﬁxation. p120-catenin from each 
cell colocalizes in an overlapping reticular 
AJ (arrowhead). E, Conﬂuent HUVECs 
grown as in A were ﬁxed and processed for 
electron microscopy. Overlapping areas at 
junctions are shown. Arrowheads indicate 
electrodense junctional complexes. Scale 
bars, 10 or 20 μm, as indicated (A–D); 
500 nm (E). VE-cad indicates VE-cadherin. 
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Figure 2.  Actin ﬁlaments do not localize in reticular domains. A, Unstimulated conﬂuent human umbilical vein endothelial cells (HUVECs) 
in growth medium were stained for F-actin (phalloidin-TRITC) and antibodies to VE-cadherin or α-catenin. Arrowheads indicate reticular 
adherens junctions (AJ) surrounded by F-actin, whereas arrows indicate linear AJ that colocalize with F-actin. B, HUVECs were nucleo-
fected with actin-cherry (red) and plated at conﬂuence for 24 to 48 hours in growth medium. Cells were ﬁxed and stained for β-catenin 
or p120-catenin (green). Arrowheads and the enlarged boxed area show reticular AJ. C, Cells were grown and ﬁxed as in A and stained 
with antibodies against actin and β-catenin. Right graphs in A–D show the intensity proﬁles of lines 1 and 2 or each merge panel. Red 
mark in graphs marks the level of actin intensity in the cytoplasmic region. D, Dynamics of reticular AJ. HUVECs were nucleofected with 
plasmids coding for actin-green ﬂuorescent protein (GFP) and p120-catenin-dsRed (p120-dsRed) and plated at conﬂuence for 24 hours 
in growth medium. Cell images were acquired by ﬂuorescence time-lapse microscopy, 2 frame/min. Arrows point at actin-rich cell junc-
tions, whereas arrowheads point to actin-depleted junctions Scale bars, 25 μm (A, B); 10 μm (C). by guest on July 19, 2012http://atvb.ahajournals.org/Downloaded from 
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and VE-cadherin had a similar localization along linear 
junctions (Figure 3). In areas of cell–cell overlap, PECAM-1 
was often enclosed within the VE-cadherin reticular lattice 
(Figure 3A and 3B, see staining intensity profiles) or in some 
areas was more uniformly distributed, localizing throughout 
the reticular area (Figure 3B). However, a detailed analysis 
Figure 3.  Platelet endothelial cell adhe-
sion molecule-1 (PECAM-1) localizes within 
reticular adherens junctions (AJ). Confocal 
images of human umbilical vein endothelial 
cells (HUVECs) (A) or human dermal micro-
vascular endothelial cells (HDMVECs) (B) 
stained for vascular endothelial (VE)-cadherin 
and PECAM-1. Graphs show intensity proﬁles 
across the reticular area along the indicated 
red lines. Note how the VE-cadherin proﬁle is 
different from the PECAM-1 proﬁle and more 
intense at the borders in A. In HDMVECs (B), 
VE-cadherin and PECAM-1 overlap more 
than in HUVECs. VE-cadherin staining is 
clearly reticular, whereas PECAM-1 is more 
evenly distributed across reticular areas. 
C, Superresolution stimulated emission 
depletion (STED) confocal microscopy of 
PECAM-1. Cells were grown and ﬁxed as in 
A and stained for β-catenin and PECAM-1 
antibodies. Anti–PECAM-1 was visualized 
with a secondary antibody conjugated 
to ATTO-647N ﬂuorophore, for STED 
detection. Arrowheads show PECAM-1 
structures surrounding β-catenin in the 
honeycomb structures of reticular AJ. Scale 
bar, 5 μm. D, Reticular junction structures 
in blood vessels in vivo. Mouse tissue 
was stained for β-catenin, PECAM-1, and 
F-actin. Confocal z-stacks of 15 planes are 
projected as a single image. Image of a  
vessel surrounded by pericytes (detected by 
F-actin staining). Bottom images show the 
boxed area from the top images at higher 
magniﬁcation and are taken from a single 
image of the z-stack. Scale bar, 20 μm.
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of PECAM-1 and reticular AJ by stimulated emission depletion 
superresolution microscopy revealed that PECAM-1 was 
organized in tubule-like structures that were distinct from and 
ran parallel to AJ within the voids of the reticulum (Figure 3C;  
Figure IB in the online-only Data Supplement). PECAM-1 
structures often surrounded AJ in these reticular domains (Figure 
3C, arrowheads). In accordance, and as previously reported,38 
PECAM-1 and AJ components did not coimmunoprecipitate 
(Figure III in the online-only Data Supplement). Altogether, 
these results support the existence of 2 different, albeit related, 
structures in these reticular areas. We also found that PECAM-1 
showed less colocalization with junction markers that did not 
display a reticular distribution, such as nectin-2 (Figure IVA in the 
online-only Data Supplement). To further investigate the nature of 
the PECAM-1 tubules detected by superresolution microscopy, 
PECAM-1-GFP was expressed. Similar to endogenous 
PECAM-1, PECAM-1-GFP was localized in reticular areas. 
However, in cells expressing high levels of PECAM-1-GFP, the 
ectopic protein accumulated in internal structures, displaying a 
pattern similar to that at cell junctions (Figure IVB in the online-
only Data Supplement). AJ components did not accumulate in 
these internal structures, suggesting that they are independent 
of reticular AJ. Overexpression of VE-cadherin did not induce 
appearance of intracellular reticular structures (Figure IVB in 
the online-only Data Supplement, bottom panels). The ability 
of PECAM-1 to form intracellular structures with a tubular or 
reticular pattern upon overexpression suggests that endogenous 
PECAM-1 has an intrinsic ability to organize these structures, 
without requirement of cell–cell contacts. These tubular 
structures, detected endogenously at junctions and away from 
them upon PECAM-1 ectopic expression, may share features 
with or may be the proposed LBRC,21 which would be embedded 
in reticular AJ. Junctional adhesion molecule-A, which has 
been also proposed to be part of this compartment, displayed a 
clear reticular pattern, with the AJ marker plakoglobin different 
from that of PECAM-1 (Figure IVA in the online-only Data 
Supplement). Thus, junctional adhesion molecule-A may also 
be involved in the organization of reticular domains at junctions. 
Finally, PECAM-1 and AJ also localized in regions where cells 
appeared to overlap in mouse blood vessels in vivo, both in small 
capillaries (Figure IVC in the online-only Data Supplement) 
and in bigger vessels surrounded by pericytes (Figure 3D), 
suggesting that our observations in vitro reflect the organization 
of AJ and PECAM-1 in vivo.
TNF-α Disrupts Reticular AJ Independently 
of Actomyosin-Mediated Tension
TNF-α is a proinflammatory stimulus that induces a gradual 
increase in permeability, stress fiber formation, and cell elon-
gation in HUVECs.16 TNF-α increases association of actin 
with AJ.35 RhoA and ROCK are required for TNF-α–mediated 
increase of actin fibers,39,40 but their role in the TNF-α–induced 
increase in permeability40,41 has been challenged, suggest-
ing the existence of an additional mechanism that regulates 
barrier function.16,42 We found that reticular AJ were lost in 
TNF-α–stimulated cells. Instead, AJ were mostly linear or dis-
continuous, and there was little overlap between adjacent cells 
(Figure 4A). Quantification of the junctional area, stained for 
the AJ markers VE-cadherin and β-catenin, showed a strong 
decrease in reticular AJ (Figure 4A, right graph). The ROCK 
inhibitor Y-27632 impaired TNF-α–induced stress fiber forma-
tion but did not prevent reticular AJ disruption. Interestingly, in 
the presence of the inhibitor, endothelial cells still significantly 
overlapped, but the pattern of AJ distribution in overlapping 
areas of cells treated with TNF-α and Y-27632 was different 
from that of control cells: VE-cadherin had a nonreticular, punc-
tate distribution (Figure 4A, boxed areas). Indeed, Y-27632 did 
not prevent the TNF-α–induced reduction in total junctional area 
(Figure 4A, right graph). An analysis of transendothelial electri-
cal resistance in real time showed no effect of Y-27632 on either 
early or late TNF-α–induced barrier disruption (Figure 4B, left 
graph). Similarly, siRNA-mediated silencing of RhoA, the main 
upstream regulator of ROCK activity, did not affect barrier func-
tion (Figure VA–VC in the online-only Data Supplement). In con-
trast, thrombin, which is well known to act via ROCK to induce 
barrier disruption43 (Figure 4B, right graph), also decreased retic-
ular AJ, but this reduction was prevented by Y-27632 (Figure 4C; 
Figure VD in the online-only Data Supplement). In accordance 
with these results, RhoA activity was strongly stimulated by 
thrombin compared with the minor increase detected upon 
long-term stimulation with TNF-α (Figure VE and VF in the 
online-only Data Supplement). Collectively, these data suggest 
that the contribution of RhoA-ROCK to the TNF-α–induced 
permeability increase is negligible. Interestingly, although AJ 
staining intensity decreased at the remaining overlapping areas 
between adjacent cells in response to TNF-α, it was not dimin-
ished in response to thrombin (Figure 4A and 4D; Figure VD 
in the online-only Data Supplement), suggesting that thrombin 
reduces reticular AJ by inducing ROCK-mediated cell contrac-
tion, whereas TNF-α disruption of reticular AJ, like the perme-
ability increase, is ROCK independent and involves a decrease 
of AJ density at cell–cell contacts (Figure 4D). These data sug-
gest that an additional mechanism regulates junctional integrity 
in response to TNF-α.
PECAM-1 Is Necessary for Maintaining Reticular  
But Not Linear AJ
Concomitant with the disappearance of reticular AJ, TNF-α 
stimulation led to dispersal of PECAM-1 from the junc-
tions and increased PECAM-1 in internal vesicles, although 
it did not decrease total PECAM-1 levels (Figure 5) or the 
ratio of surface to total PECAM-1 and VE-cadherin (Figure 
VIA in the online-only Data Supplement). Biochemical frac-
tionation showed that the levels of PECAM-1, β-catenin, or 
VE-cadherin in the detergent-insoluble pellet, which con-
tains actin filaments,44 were not altered by TNF-α stimulation 
(Figure VIB in the online-only Data Supplement, pellet). This 
implies that the presence or absence of reticular AJ does not 
affect the association of AJ with F-actin. It has been proposed 
that AJ components and PECAM-1 can also be fractionated 
into buoyant detergent-resistant membranes, suggestive of 
confinement into lipid rafts.45,46 Neither PECAM-1, β-catenin, 
nor VE-cadherin was found to be significantly associated with 
the detergent-resistant membrane fraction in unstimulated 
cells, rich in reticular AJ, or TNF-α–stimulated cells, with few 
reticular AJ (Figure VIB in the online-only Data Supplement, 
rafts). It is, therefore, unlikely that reticular AJ and PECAM-1 
are enriched in lipid rafts.
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We then hypothesized that reticular AJ, which were not 
apparently connected to an F-actin belt, may be stabilized in 
an alternative manner. PECAM-1 domains surround reticular 
AJ and TNF-α disperses PECAM-1 from junctions, so we 
also hypothesized that these domains could stabilize AJ and 
that PECAM-1 dispersion could contribute to permeability 
increase in response to TNF-α. The HEC-7 antibody has been 
shown to block PECAM-1 function and abrogate PECAM-1–
mediated leukocyte transendothelial migration.20 When cells 
were incubated with HEC-7 at 37°C (Figure 6A) or PECAM-1 
was knocked down by siRNA (Figure 6B; Figure VII in the 
online-only Data Supplement), reticular AJ were disrupted 
and fragmented even in areas where cells clearly overlapped 
(Figure 6A and 6B, insets). In contrast, linear AJ were not 
altered by HEC-7 or PECAM-1 knockdown. In some regions, 
HEC-7–treated cells showed linear AJ clearly decorating the 
edges of these overlapping areas (Figure 6A, insets). The cell 
area covered by AJ upon PECAM-1 inhibition with antibodies 
or siRNA was reduced to levels similar to that of TNF- 
α–stimulated cells (Figure 6, right panels). PECAM-1 inhibi-
tion disorganized reticular structures and decreased β-catenin 
levels at the remaining overlapping areas by 50% (Figure 6C). 
However, disrupting PECAM-1 function had little effect on 
AJ distribution in endothelial cells already stimulated with 
TNF-α, where AJ are distributed in F-actin–rich linear or dis-
continuous junctions35 (Figure 6A, 6B, right; Figure VIII in 
the online-only Data Supplement), and PECAM-1 is dispersed 
from cell borders (Figure 5). To rule out the possibility of an 
Figure 4. Tumor necrosis factor-α (TNF-α) disrupts reticular adherens junctions (AJ) independently of ROCK. A, Conﬂuent human 
umbilical vein endothelial cells (HUVECs) were incubated in starving medium for 4 hours and then left unstimulated or stimulated for 
24 hours with TNF-α. Thirty minutes after TNF-α addition, 5 μmol/L Y-27632 was added where indicated (TNF-α+Y-27632). Cells were 
ﬁxed, permeabilized, and stained for F-actin (phalloidin, red) and VE-cadherin (green) (top panels). Scale bar, 25 μm. Bottom panels 
show the vascular endothelial (VE)-cadherin staining from the boxed area of the top panels at higher magniﬁcation. Right graph shows 
quantiﬁcation of area covered by AJ. Junctional area was expressed as percentage of total cell area. Bars show mean±SEM; *P<0.001. 
B, Transendothelial electrical resistance of conﬂuent HUVECs. Left, HUVECs were incubated in starving medium for 2 hours and then 
left unstimulated or stimulated for 8 hours with TNF-α (Τ). Thirty minutes after TNF-α addition, 5 μmol/L Y-27632 (Y) was added where 
indicated (TNF-α+Y-27632). Right, HUVECs in starving medium were left unstimulated or stimulated with thrombin in the presence or 
absence of 5 μmol/L Y-27632. C, Quantiﬁcation of junctional area as in A. Bars show mean ± SEM; **P<0.0005. D, Quantiﬁcation of 
β-catenin intensity at overlapping junctional areas of cells in the presence or absence of the indicated stimuli and Y-27632. Bars show 
mean±SEM; *P<0.001.
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off-target effect of the siRNA oligonucleotides for PECAM-1, 
a third siRNA targeting the 3′ untranslated region of 
PECAM-1 mRNA was transfected, and 24 hours later, GFP 
or PECAM-1-GFP was expressed. This siRNA-reduced 
PECAM-1 expression (Figure VIIIB in the online-only 
Data Supplement) also disrupted reticular AJ (Figure 6D). 
Expression of PECAM-1-GFP but not of GFP partially res-
cued the formation of reticular AJ (Figure 6D).
To determine whether AJ also affect the localization of 
PECAM-1, we disrupted them with anti–VE-cadherin blocking 
antibodies or by transfecting VE-cadherin siRNA (Figures VII  
and IX in the online-only Data Supplement). In contrast to 
PECAM-1 inhibition, antibody-mediated VE-cadherin inhibi-
tion was not restricted to reticular domains but affected all cell–
cell contacts, inducing numerous intercellular gaps (Figure IXA 
in the online-only Data Supplement). Similarly, VE-cadherin 
knockdown also led to loss of most β-catenin from intercellu-
lar junctions, although some PECAM-1 remained at cell–cell 
contacts displaying a nonreticular distribution (Figure IXB in 
the online-only Data Supplement). VE-cadherin knockdown 
reduced junctional area more dramatically than did PECAM-1 
silencing and induced disruption of cell–cell junctions in unstim-
ulated and TNF-α–stimulated cells (Figure 6B, right panel).
PECAM-1 Inhibition Recapitulates the Effects of 
TNF-α on Barrier Function But Not on F-Actin 
Remodeling or Adhesion Receptor Expression
We tested whether disorganization of reticular AJ via 
PECAM-1 inhibition could mimic TNF-α effects on endo-
thelial barrier function. TNF-α induced a 3-fold increase in 
permeability (Figure 7A). VE-cadherin blocking antibody 
significantly increased permeability in unstimulated and TNF- 
α–stimulated cells (Figure 7A, left graph), consistent with a 
widespread effect of the antibody on junctional architecture. 
In contrast, HEC-7 increased permeability in unstimulated 
HUVECs but had no effect on cells already stimulated with 
TNF-α (Figure 7A, right graph). This is in agreement with 
a selective effect of PECAM-1 inhibition on reticular AJ, 
Figure 5.  Tumor necrosis factor-α (TNF-α) disperses platelet endothelial cell adhesion molecule-1 (PECAM-1) from cell–cell contacts. 
PECAM-1 and β-catenin distribution in control and TNF-α–stimulated cells. Right, Graphs show intensity proﬁles across the reticular area 
along the indicated red lines. Note that, compared with β-catenin (red), PECAM-1 staining (blue) at junctions diminishes upon TNF-α stim-
ulation. Bottom graphs, Quantiﬁcation of total PECAM-1 staining and PECAM-1 staining at cell–cell junctions. Bars show mean±SEM; 
n=3; *P<0.02.
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Figure 6. Platelet endothelial cell adhesion molecule-1 (PECAM-1) is required for organization of adherens junctions (AJ) into reticular 
but not into linear domains. Human umbilical vein endothelial cells (HUVECs) were plated at conﬂuence for 70 hours. A, Cells were incu-
bated with control IgG mouse antibody or anti–PECAM-1 blocking antibody HEC-7 (green) at 20 μg/mL for 90 minutes before ﬁxation 
and stained for PECAM-1 and β-catenin to detect AJ. Note the absence of β-catenin reticulum in nonstimulated cells in the presence of 
HEC-7. Scale bar, 25 μm. Details of the distribution of junctional proteins are shown in the enlarged boxed areas. B, HUVECs were trans-
fected with small interfering RNA (siRNA) oligonucleotides targeting PECAM-1 or the tight junction protein ZO-l. After 24 hours, cells were 
trypsinized and plated at conﬂuence and analyzed 48 hours later (72 hours after transfection) by immunoﬂuorescence for the indicated 
proteins. Scale bars, 20 μm. Right graphs, Quantiﬁcation of junctional area in unstimulated cells and cells stimulated with tumor necrosis 
factor-α (TNF-α) for 20 hours includes cells transfected with vascular endothelial (VE)-cadherin siRNA. Bars show mean±SEM; *P<0.0005; 
**P<0.02. C, Quantiﬁcation of β-catenin intensity at overlapping junction areas of cells incubated with the indicated antibodies or trans-
fected with the indicated siRNA oligonucleotides. Bars show mean±SEM; *P<0.05. D, HUVECs were transfected with siRNA oligonucle-
otides targeting the 3′ untranslated region sequence of platelet endothelial cell adhesion molecule-1 (PECAM-1) mRNA (PECAM-1 (3)) 
or control. Twenty-four hours later, cells were transfected with green ﬂuorescent protein (GFP) or PECAM-GFP and left conﬂuent for 60 
hours. Cells were ﬁxed and stained for β-catenin and PECAM-1. Percentage of cells containing reticular AJ is quantiﬁed in the right graph. 
Bars show mean±SEM; n=3. **P<0.02; *P<0.005.
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present only in resting cells. Because TNF-α disperses 
PECAM-1 from junctions, PECAM-1 blocking antibody does 
not cause a further permeability increase. Similarly, PECAM-1 
knockdown increased permeability >2-fold in unstimulated 
cells, whereas it had a reduced effect in TNF-α–stimulated 
cells, with low levels of PECAM-1 at cell borders (Figure 
7B). In addition, the increase in permeability obtained with 2 
siRNAs that strongly depleted PECAM-1 was similar to that 
induced by TNF-α (Figure 7B). We then investigated the pos-
sible mechanisms whereby PECAM-1 may regulate ROCK-
independent permeability increase in response to TNF-α 
stimulation. The phosphoinositide 3-kinase isoform p110α 
regulates TNF-α–mediated barrier function through activa-
tion of the tyrosine kinase Pyk2.18,19 Pyk2 activation is initiated 
Figure 7.  Platelet endothelial cell adhesion molecule-1 (PECAM-1) inhibition increases permeability and β-catenin phosphorylation.  
A, Human umbilical vein endothelial cells (HUVECs) were plated at conﬂuence on transwells for 24 hours and then stimulated with or 
without 10 ng/mL tumor necrosis factor (TNF-α) in growth medium for 20 hours. Vascular endothelial (VE)-cadherin blocking antibody 
(5 μg/mL; left), PECAM-1 blocking antibody (20 μg/mL; right), or control IgG was added to the transwells 30 minutes before adding 
ﬂuorescein isothiocyanate-dextran to measure monolayer permeability. B, HUVECs were transfected with small interfering RNAs (siRNAs) 
targeting PECAM-1, zonula occludens-1, or a nonspeciﬁc siRNA control. Permeability was analyzed 72 hours after transfection in 
unstimulated or TNF-α–stimulated cells. Bars show mean±SEM, n=3; *P<0.05; **P<0.006. C, Effect of PECAM-1 siRNA on PECAM-1, 
pY402-Pyk2, and Pyk2 levels. Right graph, Bars show mean±SEM; n=3. D, Effect of PECAM-1 siRNA on PECAM-1, pT41/S45-β-catenin, 
and β-catenin levels. Right graph, Bars show mean±SEM; n=3. E, HUVECs were either stimulated with TNF-α or left unstimulated before 
lysis, SDS-PAGE, and immunoblotting with pT41/S45-β-catenin and β-catenin pY402-Pyk2, Pyk2, and ICAM-1 as a positive control of 
TNF-α activation. Graph shows mean±SEM; n=3; *P<0.04.
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byY402 phosphorylation.47 PECAM-1 knockdown induced no 
significant changes in pPyk2/Pyk2 ratio (Figure 7C), whereas 
TNF-α transiently increased Pyk2 phosphorylation, as previ-
ously reported (Figure 7E).18 This indicates that PECAM-1 
is not involved in Pyk2-mediated increase of permeability 
upon TNF-α exposure. On the other hand, VE-cadherin and 
PECAM-1 crosstalk within reticular domains might be medi-
ated by β-catenin. PECAM-1 cytosolic tail binds the SHP2 
phosphatase25 and thereby controls glycogen synthase kinase 
3β-mediated phosphorylation and a decrease in the stability of 
β-catenin.25 Casein kinase-1α phosphorylates β-catenin at S45, 
which primes this N-terminal region for subsequent phosphor-
ylation by glycogen synthase kinase 3β at T41, S37, and S33.48 
β-catenin phosphorylation can be also controlled by the kinase 
c-Jun N-terminal kinase.49 Upon phosphorylation, β-catenin 
is uncoupled from cadherins and can be found in the cytosol, 
complexed with other proteins, which can lead to eventual pro-
teasome degradation.50 Indeed, PECAM-1 null mice exhibit 
a prolonged increase in permeability in response to hista-
mine.22,26 siRNA-mediated decrease of PECAM-1 in HUVECs 
significantly increased T41/S45 phosphorylation of β-catenin, 
in agreement with previous bibliography (Figure 7D, top 
panel).25 No major decrease in β-catenin total levels was found 
though, which could be because of the fact that PECAM-1 
siRNA only decreases partial PECAM-1 levels compared with 
the total elimination of the protein in PECAM-1 knockout 
cells.25 Alternatively, PECAM-1 may control β-catenin phos-
phorylation, but additional signals could be required to pro-
mote its final degradation, because both events are not always 
coupled.49 Indeed, nondegraded, phosphorylated β-catenin 
can be found accumulated in different nonjunctional areas in 
the cell.49,51,52 Concomitantly, and in agreement with the AJ 
dispersion observed in Figure 6A and 6B, β-catenin associa-
tion with VE-cadherin decreased (Figure 7D, bottom panel). 
Interestingly, similar to PECAM-1 knockdown, TNF-α also 
induced a transient phosphorylation of β-catenin (Figure 7E), 
which suggests that such phosphorylation may contribute to AJ 
alteration observed in response to this cytokine and this could 
be promoted by PECAM-1 dispersion from junctions.
Although the effect of TNF-α on permeability does not 
involve actomyosin-mediated contractility, TNF-α induces 
an increase in stress fibers and cell elongation. PECAM-1 
knockdown, however, had no effect on F-actin levels or cell 
elongation (Figure XA in the online-only Data Supplement). 
In addition, myosin light chain phosphorylation at Ser-19 also 
remained unaffected upon PECAM-1 depletion, suggesting 
that general actomyosin-mediated contraction does not explain 
the permeability increase upon PECAM-1 reduction (Figure 
XB in the online-only Data Supplement). Finally, PECAM-1 
or downstream glycogen synthase kinase 3β have been pro-
posed as regulators of the nuclear factor-κB pathway during 
inflammatory responses.53–55 We explored the possibility that 
PECAM-1 knockdown had no specific effect on cell junctions 
but instead increased permeability by inducing a proinflam-
matory phenotype. The expression of the adhesion receptor 
intercellular adhesion molecule-1 was analyzed as a marker of 
inflammation (Figure XB in the online-only Data Supplement). 
No increase was found in intercellular adhesion molecule-1 
levels in response to PECAM-1 depletion, suggesting no role 
for PECAM-1 in inflammatory induction, in agreement with 
a previous report.56 Taken together, these results indicate that 
inhibiting PECAM-1 in reticular AJ domains only reproduces 
the effects of TNF-α stimulation on cell–cell junctions but does 
not cause a general proinflammatory phenotype. PECAM-1 
dispersal may, therefore, contribute to the TNF-α–mediated, 
actomyosin-independent, permeability increase through the 
control of β-catenin phosphorylation and reticular AJ stability.
Discussion
Cadherins and their binding partners interact to form AJ between 
neighboring cells. In addition to forming linear AJ at cell–cell 
borders, we show here that VE-cadherin has a reticular distribution 
in areas where adjacent endothelial cells overlap. Peripheral 
F-actin and stress fibers surround these reticular AJ but do not 
colocalize with them, in contrast to linear and discontinuous AJ 
that are always found associated with F-actin.35 The possibility 
of reticular AJ being associated with some other undetectable 
cortical F-actin structures cannot be ruled out, but, in epithelial 
cells, an indirect link between AJ and F-actin has previously 
been proposed in confluent resting monolayers.12,57 The role of 
α-catenin would consist of regulating local actin polymerization 
rather than directly bridging F-actin to AJ. This is consistent with 
the existence of a subset of endothelial AJ that is not in contact 
with perijunctional F-actin. In addition, nonmuscle myosins58,59 
and vinculin9,60 mediate AJ stability and binding to perijunctional 
F-actin, playing a role as sensors of tension during epithelial 
remodeling. Here, we show that neither phosphorylated myosin 
light chain nor vinculin was enriched in reticular AJ. On the 
other hand, several reports have convincingly demonstrated a 
direct interaction between F-actin and AJ.9,59–61 We have recently 
reported that endothelial cells can also form discontinuous AJ, 
which are orthogonal to cell–cell borders and associated with 
actin stress fibers, providing a connection between stress fibers 
in neighboring cells, which increases upon TNF-α stimulation.35 
The most plausible explanation for all these findings is that 
some AJ are associated with F-actin, whereas others, such as 
endothelial reticular AJ, do not require direct interaction with 
F-actin and are formed in areas of low mechanical tension.
In small blood vessels in vivo, we have observed endothe-
lial junctional areas that resemble the reticular distribution 
of AJ and PECAM-1 observed in vitro, implying that reticu-
lar AJ exist in vivo. Junctional PECAM-1 has been localized 
in the LBRC, an internal vesicular compartment localized at 
cell–cell junctions.21 We cannot exclude the possibility of the 
existence of a subset of AJ that is distributed in this LBRC. 
However, expression of AJ components bearing different 
fluorescent tags in adjacent cells clearly shows that most of 
reticular AJ are formed between VE-cadherin homophilic com-
plexes from 2 different cells at overlapping junctional areas 
(Figure 1D). A comprehensive confocal analysis of reticular 
AJ shows that PECAM-1 and VE-cadherin stainings overlap, 
but that VE-cadherin reticular domains are more discrete and 
encompass PECAM-1. AJ and PECAM-1 are not physically 
associated in endothelial cell–cell junctions.38 Superresolution 
microscopy confirmed that PECAM-1 and AJ are organized 
into different domains. PECAM-1 appeared distributed in dis-
crete domains in the voids of reticular AJ, running along AJ 
 by guest on July 19, 2012http://atvb.ahajournals.org/Downloaded from 
Fernández-Martín et al  Reticular Adherens Junctions in Endothelial Cells  e101
and often almost surrounded them. These PECAM-1–rich 
structures could be the proposed internal LBRC,21 although 
further investigation into the nature of these domains in endo-
thelial cell borders will shed light into this unique organization 
at junctions. Interestingly, the distribution of these PECAM-1 
domains suggests that they may well be regulating the access 
of AJ to machinery involved in AJ trafficking or actin-mediated 
tension and thereby regulate their stability. Upon ectopic over-
expression, PECAM-1-GFP, but not VE-cadherin, accumulated 
into internal domains, displaying a morphology that resembled 
that of reticular junctions (Figure IVB in the online-only Data 
Supplement). This would suggest that PECAM-1 has the intrin-
sic ability to form organized domains independently of AJ.
VE-cadherin and PECAM-1 crosstalk within reticular 
domains might be mediated by β-catenin. PECAM-1–null mice 
exhibit a prolonged increase in permeability in response to 
histamine,22 which correlates with a phosphorylation increase 
and a decrease of β-catenin stability.25 It has been proposed 
that PECAM-1 molecules in the proximity of AJ recruit SRC 
homology 2 domain-containing phosphatase, which maintains 
β-catenin in a dephosphorylated state, thereby stabilizing AJ. 
Here, we have found that TNF-α induces PECAM-1 disper-
sion from junctions and that this correlates with an increase in 
permeability, β-catenin phosphorylation, and with a decrease in 
reticular AJ. PECAM-1 knockdown is sufficient to reproduce all 
these alterations in HUVECs. It is of note that regulation of SRC 
homology 2 domain-containing phosphatase activity by TNF-α 
has been reported,62 so, in the future, it would be of interest to 
address whether this cytokine regulates the presence and role of 
SRC homology 2 domain-containing phosphatase in reticular AJ 
or in PECAM-1 domains. On the other hand, we have also tested 
other pathways potentially involved in barrier function decrease, 
such as actomyosin-mediated tension, Pyk2 activation, or a gen-
eral inflammatory response, and found no evidence of PECAM-1 
role in these events. This suggests that the role of PECAM-1 
in TNF-α stimulation is limited to the control of reticular AJ 
through the regulation of β-catenin phosphorylation, and not to a 
general regulation of inflammatory pathways, as it had been pre-
viously proposed.53 Finally, there could exist additional crosstalk 
of AJ or PECAM-1 with other junctional components also found 
in these reticular areas, such as junctional adhesion molecule-A.
PECAM-1 could also contribute to transient AJ disruption 
to allow leukocyte diapedesis in noninflammatory conditions. 
Endothelial PECAM-1 engages in homophilic interactions with 
leukocytes.25 PECAM-1 located in the LBRC mediates this para-
cellular route of transmigration.21 We predict that recruitment of 
reticular PECAM-1 to sites of leukocyte interaction would locally 
disassemble reticular AJ, allowing leukocyte diapedesis with no 
need of general cell contraction. PECAM-1 return to reticular 
areas could subsequently facilitate reassembly of reticular AJ. 
Last, reticular AJ could also provide a source of additional mem-
brane to allow endothelial remodeling to occur during leukocyte 
diapedesis or during changes in vessel diameter in response to 
stimuli that induce vasoconstriction or vasodilation.
In conclusion, we have characterized the properties of 
reticular AJ domains, which are distinctive of quiescent endo-
thelium. These domains contain low levels of F-actin, sug-
gesting that junctional actin filaments do not contribute to their 
formation. PECAM-1 is localized in a linear compartment that 
is interspersed within the voids of reticular AJ structures and may 
contribute to stabilize AJ and thereby regulate barrier function. 
Loss of reticular AJ by PECAM-1 inhibition mimics TNF-α–
induced changes in reticular AJ and in endothelial barrier function 
but not in F-actin or intercellular adhesion molecule-1 expression. 
Further investigation of these reticular domains could identify 
specific targets to control barrier function without altering other 
important properties of endothelial cells during inflammation.
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MAL Protein Controls Protein Sorting at the Supramolecular
Activation Cluster of Human T Lymphocytes
Olga M. Anto´n, Laura Andre´s-Delgado, Natalia Reglero-Real, Alicia Batista,
and Miguel A. Alonso
T cell membrane receptors and signaling molecules assemble at the immunological synapse (IS) in a supramolecular activation
cluster (SMAC), organized into two differentiated subdomains: the central SMAC (cSMAC), with the TCR, Lck, and linker
for activation of T cells (LAT), and the peripheral SMAC (pSMAC), with adhesion molecules. The mechanism of protein sorting
to the SMAC subdomains is still unknown. MAL forms part of the machinery for protein targeting to the plasma membrane by
specialized mechanisms involving condensed membranes or rafts. In this article, we report our investigation of the dynamics of
MAL during the formation of the IS and its role in SMAC assembly in the Jurkat T cell line and human primary T cells.We observed
that under normal conditions, a pool of MAL rapidly accumulates at the cSMAC, where it colocalized with condensed membranes,
as visualized with the membrane fluorescent probe Laurdan. Mislocalization of MAL to the pSMAC greatly reduced membrane
condensation at the cSMAC and redistributedmachinery involved in dockingmicrotubules or transport vesicles from the cSMAC to
the pSMAC. As a consequence of these alterations, the raft-associated molecules Lck and LAT, but not the TCR, were missorted to
the pSMAC. MAL, therefore, regulates membrane order and the distribution of microtubule and transport vesicle docking ma-
chinery at the IS and, by doing so, ensures correct protein sorting of Lck and LAT to the cSMAC. The Journal of Immunology,
2011, 186: 6345–6356.
I
n response to appropriate Ags presented by an APC, T cells
polarize, forming a surface subdomain at the T cell–APC
interface known as the immunological synapse (IS) (1, 2).
Membrane receptors and signaling molecules are not randomly
distributed at the IS but, instead, assemble into a well-defined
structure known as the supramolecular activation cluster (SMAC),
which is subcompartmented into two differentiated concentric
zones, termed the central SMAC (cSMAC) and peripheral SMAC
(pSMAC) (3). The cSMAC contains the T cell Ag receptor/CD3
complex (TCR), Lck, and the linker for activation of T cells
(LAT) adapter. pSMAC contains adhesion molecules, such as
LFA-1 and ICAM-1, and cytoskeletal proteins, such as actin and
talin. The actin cytoskeleton and intracellular protein trafficking
are important for SMAC assembly (4, 5). The precise mechanism
by which the cSMAC and pSMAC are formed is still unknown,
but is believed to depend on signals generated by the TCR. Al-
though its exact role remains a mystery, the IS is thought to be
a focal point for endocytosis, exocytosis (6), and signaling (7).
One of the mechanisms proposed for compartmentation in bi-
ological membranes is the clustering of specific lipids, such as
cholesterol and sphingolipids, into highly condensed domains. The
use of the membrane fluorescent probe Laurdan has allowed
visualization of cholesterol-dependent membrane domains with
different degrees of condensation in living cells (8, 9). Condensed
membranes are probably equivalent to liquid-ordered membrane
assemblies of glycolipid and cholesterol, also referred to as
membrane rafts, which play a role in the recruitment of specific
proteins for membrane trafficking or signaling events and in the
formation of membrane compartments such as caveolae (10, 11).
Paralleling the elucidation of the SMAC architecture, membrane
rafts emerged as putative functional platforms for the assembly
of signaling machinery around the TCR at the IS. However, al-
though raft lipids translocate to the IS (12), the IS contains con-
densed membranes (13), and TCR activation domains accumulate
raft lipids (14), protein–protein interactions seem to be sufficient
for the assembly of the signaling machinery (15). Therefore, the
role of raft membranes at the IS remains unknown.
MAL is a highly hydrophobic integral membrane protein of 17
kDa consisting of four hydrophobic segments separated by short
hydrophilic loops. MAL is expressed in normal human T lym-
phocytes and polarized epithelia as well as in representative cell
lines, such as human Jurkat T cells and epithelial Madin-Darby
canine kidney cells, respectively. A highly peculiar feature of
MAL is its selective partitioning into detergent-resistant membrane
(DRM) fractions that are enriched in compact membranes (16,
17). MAL silencing in Madin-Darby canine kidney cells severely
impairs the targeting of influenza virus hemagglutinin (HA) to the
apical surface and produces its intracellular retention and mis-
sorting to the basolateral surface (17, 18). Similarly, MAL si-
lencing in human T cells blocks transport of Lck to the cell surface
and induces its intracellular accumulation (19). Remarkably, the
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effect on HA and Lck targeting strictly correlates with the ex-
clusion of both cargo molecules from DRMs. MAL clustering has
been shown to create specifically large, condensed membrane
domains in the plasma membrane (20). MAL is, therefore, con-
sidered a component of the machinery for organization and
function of condensed membranes in epithelial cells and human
T lymphocytes (17, 20).
Although the requirement of MAL for Lck transport in resting
T cells is established, its possible role at the IS has not been
explored. In this study, we examined the dynamics of MAL during
the formation of the IS and observed that a pool of MAL rapidly
redistributed to the cSMAC. Remarkably, the expression of a
modified MAL protein mistargeted to the pSMAC causes mis-
localization of the raft-associated Lck and LAT molecules to the
pSMAC. The missorting of MAL, Lck, and LATwas accompanied
by a redistribution of condensed membranes and docking machin-
ery for transport vesicle (syntaxin-4 and SNAP-23) or micro-
tubules (EB1 and adenomatous polyposis coli protein) from the
cSMAC to the pSMAC. Moreover, ectopically expressed HA,
which is normally targeted to the cSMAC, was misrouted to the
pSMAC under those conditions, reflecting the profound alter-
nations in protein sorting at the SMAC primarily caused by MAL
mislocalization. In summary, our results strongly argue for a role
of MAL in the organization of the IS by targeting condensed
membranes, docking machinery for transport vesicles and microtu-
bules, and proteins specific to the cSMAC.
Materials and Methods
Materials
The mAb 6D9 to human MAL was previously described (16). The rabbit
Abs to CD3z and ZAP70 and the mAbs to ICAM-3 and CD45 were kindly
provided by Dr. Alarco´n (Centro de Biologı´a Molecular “Severo Ochoa,”
Madrid, Spain) and Dr. Sa´nchez-Madrid (Hospital de la Princesa, Madrid,
Spain). The rabbit polyclonal Ab to Lck and mAb MEM-43/5 to CD59
were kindly provided by Dr. Veillette (McGill University, Montreal,
Canada) and Dr. Horejsi (Institute of Molecular Genetics, Prague, Czech
Republic), respectively. The Abs to phospholipase Cg1, protein kinase C
(PKC)-u, EB1, syntaxin-4, and phosphotyrosine PY20 were from Trans-
duction Labs (Lexington, KY); the mouse hybridoma producing anti-myc
mAb 9E10 was purchased from the American Type Culture Collection; the
Abs to total or phosphorylated Erk were from Promega (Madison, WI); the
Abs to LAT were purchased from Upstate Biotechnology (Lake Placid,
NY); the Abs to SNAP-23 and adenomatous polyposis coli protein we
obtained from Santa Cruz Biotechnology(Santa Cruz, CA); anti-FLAG Ab
M2 and anti–a-tubulin mAb DM1A were from Sigma-Aldrich (St. Louis,
MO). We obtained staphylococcal enterotoxin E (SEE) and B (SEB)
superantigens from Toxin Technology (Sarasota, FL). HRP-conjugated
secondary Abs were obtained from Pierce. Cell Tracker orange-fluores-
cent tetramethylrhodamine, secondary goat Abs coupled to Alexa 488,
Alexa 594, or Alexa-647, and TRITC-phalloidin were purchased from
Molecular Probes (Eugene, OR).
Cell-culture conditions and conjugate-formation procedure
Human T lymphoblastoid Jurkat cells were grown in RPMI 1640 supple-
mented with 5% FBS (Sigma-Aldrich), 50 U/ml penicillin, and 50 mg/ml
streptomycin at 37˚C in an atmosphere of 5% CO2/95% air. To distinguish
Raji cells from Jurkat cells in the conjugates, Raji cells (3.0 3 106 cells/
ml) were stained with the appropriate fluorescent cell tracker for 20 min at
37˚C, washed, and resuspended in RPMI 1640/5% FBS. The cells were
then incubated for 20 min in the presence or absence of 4 mg/ml SEE and
mixed with an equal number of Jurkat cells (5.03 105 cells/well) in a final
volume of 50 ml, incubated at 37˚C for 15 min, and plated onto poly-L-
lysine–coated slides. After incubation for 15 min at 37˚C, cells were
processed for immunofluorescence. Jurkat CH7C17 cells expressing ex-
ogenous TCRa- and TCRb- (Vb3)chains specific for HAwere conjugated
to HOM2 cells in the presence of 200 mg/ml HA peptide 307–319
(PKYVKQNTLKLAT), a control inactive peptide (PKYVKQNTLELAT),
or 4 mg/ml SEB. For conjugation of primary T cells, freshly isolated
T lymphocytes from healthy donors were incubated with SEE-pulsed Raji
cells and processed as described for the Jurkat–APC conjugates. The
experiments with human cells were done following the guidelines of the
Bioethics Committee of the Spanish Research Council and were approved
by the institutional Management Committee of the Centro de Biologı´a
Molecular Severo Ochoa.
DNA constructs and transfection conditions
The MAL-FLAG DNA construct, encoding MAL with its final extracellular
loop modified by insertion of the 13-aa sequence DYKDDDDKAANLT,
which contains the FLAG epitope (DYKD), was described previously (21).
The DNA constructs expressing intact MAL or MAL-FLAG molecules
with N-terminal myc, GFP, or cherry tags were generated by standard
techniques, as were the constructs expressing GFP or cherry appended to
the C terminus of Lck or LAT (Lck-GFP, Lck-cherry). The pSuperhMAL/
GFP construct expressing GFP and the shRNA targeted to MAL mRNA
from the same plasmid were described previously (19). To interfere with
MAL expression and simultaneously express GFP fusions of Lck or LAT,
the coding sequences of these proteins were inserted in-frame with the
GFP coding sequence in the pSuperhMAL/GFP DNA construct. The
plasmid expressing the transmembrane HA protein fused to GFP (22) was
a kind gift from Dr. Lippincott-Schwartz (National Institutes of Health,
Bethesda, MD). The Lck10-GFP DNA construct (23) was generously
provided by Dr. Rodgers (Oklahoma Medical Research Foundation). Jurkat
cells were transfected by electroporation using the Gene Pulser system
(Bio-Rad, Hercules, CA). For transfection of human primary T cells, we
used Amaxa nucleofector equipment (Lonza).
Immunofluorescence analysis
Cells were fixed in formalin for 20 min, rinsed, and treated with 10 mM
glycine in PBS for 5 min to quench the aldehyde groups. Cells were then
washed, permeabilized or not with 0.2% Triton X-100 in PBS at 4˚C for 5
min, rinsed, incubated with 3% (w/v) BSA for 15 min, and incubated with
the primary Ab. After 1 h at room temperature, cells were washed and
incubated with the appropriate fluorescent secondary Ab. For double-
labeling experiments, the same procedure was repeated for the second
primary Ab. Controls to assess the specificity of the labeling included
incubations with control primary Abs and omission of the primary Abs.
Immunofluorescence images were obtained using a Meta LSM 510 Con-
focal Laser microscope (Carl Zeiss, Oberkochen, Germany). For single-
color time-lapse confocal fluorescence microscopy, Jurkat cells expressing
stably myc-tagged MAL or MAL-FLAG proteins were transfected with
GFP fusions of Lck, LAT, or EB3. For dual-color time-lapse microscopy,
normal Jurkat cells stably expressing GFP-MAL or GFP-MAL-FLAG
were used for the expression of cherry fusions of Lck or LAT. Images
were captured using a Zeiss LSM 510 confocal microscope equipped with
a 633 objective (1.2 numerical aperture [NA] water objective or 1.4 NA
oil immersion objective for live or fixed cells, respectively; Carl Zeiss) and
transferred to a computer workstation running MetaMorph imaging soft-
ware (Molecular Devices, Downington, PA). Three-dimensional recon-
struction and colocalization images representing only the pixels in which
the staining of the two analyzed proteins coincided were done using the
Image J program (National Institutes of Health; http://rsb.info.nih.gov/ij).
The level of colocalization was represented by a pseudocolored scale (0,
no colocalization; +1, maximal colocalization). For deconvolution, we
used the Huygens 3.0 program (Scientific Volume Imaging, Hilversum,
The Netherlands).
Laurdan staining
Live cells were labeled with the Laurdan fluorescent probe (5 mM), the
microscope was calibrated, and two-photon microscopy was performed as
described elsewhere (8) using an LSM 710 NLO Multiphoton coupled to
an AxioObserver inverted microscope (Carl Zeiss MicroImaging, Thorn-
wood, NY) with a 633 water objective and NA 1.3. In brief, Laurdan was
excited at 800 nm, and emission intensities were recorded simultaneously
in the 400–460 nm and 470–530 nm ranges. Intensity images were con-
verted into a generalized polarization (GP) index defined as I(400–460) 2
I(470–530)/I(400–460) + I(I(470–530), in which I is the emission intensity,
as previously described (8). GP values range from 21 (fluid domains) to
+1 (highly ordered domains); membranes with GP values .0.3 were
considered to be ordered membrane domains. The GP distributions and
mean GP values obtained from GP images were normalized and repre-
sented using the GraphPad Prism program (GraphPad, San Diego, CA).
Detergent extraction procedures, immunoblot, and
immunoprecipitation analyses
Jurkat cells (5.03 107 cells) were lysed for 15 min in 25 mM Tris-HCl (pH
7.2), 150 mM NaCl, and 0.2% Triton X-100 at 4˚C in the presence of
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phosphatase and protease inhibitors. The extract was brought to 40% su-
crose (w/w) and placed at the bottom of two sequential layers of 30% and
5% sucrose. Gradients were centrifuged to equilibrium, and the soluble and
low-density insoluble fractions were harvested (24). Equivalent aliquots
from the soluble and insoluble fractions were subjected to SDS-PAGE and
transferred to Immobilon-P membranes (Millipore, Bedford, MA). After
blocking with 5% nonfat dry milk and 0.05% Tween-20 in PBS, blots were
incubated with the appropriate Abs for 1 h. After several washes, blots
were incubated for 30 min with secondary Abs coupled to HRP and de-
veloped using a commercial kit (Amersham Biosciences, Buckingham-
shire, U.K.). For immunoprecipitation studies, cells were lysed in 25 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, and
a mixture of phosphatase and protease inhibitors. The lysates were pre-
cleared for 1 h at 4˚C with protein G-Sepharose, centrifuged, and the su-
pernatant incubated with the indicated specific Abs for 1 h at 4˚C. After
incubation with protein G-Sepharose for 1 h, the immunoprecipitates were
collected by centrifugation, washed six times, and analyzed by immuno-
blotting with the appropriate Abs.
Statistical analysis
Data are expressed as mean 6 SEM. A paired Student t test was used to
establish the statistical significance of differences between the means.
Results
MAL translocates to the cSMAC
In resting Jurkat T cells, MAL distributes in distinct pools at
different locations (Fig. 1A, Supplemental Fig. 1A). One such pool
is present at the plasma membrane. A second pool is found in
pericentriolar endosomes, where MAL shows a high level of
colocalization with the recycling endosome markers Rab11 and
internalized transferrin. The colocalization of MAL with EEA1
and Rab5, which label early endosomes, or CD63, a late endo-
some marker, was much lower. Finally, a third pool decorates part
of the radial microtubule cytoskeleton. A quantitative analysis of
the colocalizations is shown in Supplemental Fig. 1B. To analyze
FIGURE 1. MAL translocates to the cSMAC in T cell–APC conjugates. A, Jurkat cells stably expressing myc-tagged MAL were loaded with human
transferrin for 15 min, washed, and were processed 20 min later for double-label immunofluorescence analysis of MAL and transferrin or a-tubulin. A
magnification of the boxed region is shown in the right panels. The arrows point to microtubules positive for MAL staining. B, Jurkat cells stably expressing
GFP-MAL were conjugated to SEE-pulsed APCs and subjected to time-lapse videomicroscopy. Solid and clear arrowheads indicate vesicles/tubules
transporting MAL from the Golgi region to the IS or from the cell periphery to the Golgi region, respectively. Arrows indicate sites of MAL accumulation at
the IS. Numbers indicate time in seconds. C, Jurkat cells stably expressing cherry-MAL were transfected with a DNA construct expressing a-tubulin–GFP.
After 24 h, cells were conjugated to SEE-pulsed APCs and subjected to time-lapse videomicroscopy. Solid and clear arrowheads indicate two vesicles
transporting MAL from the Golgi to the IS. Numbers indicate time in seconds. D, Side view of a T cell–APC interface. The arrow and arrowhead indicate
the MAL pools at the IS and the centrosomal region, respectively. E, Quantification of the number of T cells with MAL or TCR at the IS at different times
of T cell–APC conjugation. F, Jurkat cells stably expressing myc-tagged MAL were conjugated to SEE-loaded APCs for 15 min. Cell were fixed, per-
meabilized, and stained for TCR, CD45, and MAL. The histogram represents the fluorescence intensity of the TCR, CD45, and MAL at the contact zone
relative to that in the opposite region of the cell surface. G, Jurkat cells expressing myc-tagged MAL were conjugated to SEE-loaded APCs for 15 min.
Cells were fixed, permeabilized, and processed for double-label immunofluorescence analysis for MAL and TCR or F-actin (left panels). A reconstruction
image of the plane at the contact zone is shown (right panels). The histogram represents the percentage of T cells with MAL at the cSMAC or pSMAC.
Means 6 SEM of three independent experiments are represented in E–G. Scale bars, 5 mm.
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dynamically the response of MAL to T cell stimulation, we used
Jurkat J77 vb8+ cells stably expressing GFP-MAL as T cells and
the Raji B cell line loaded with SEE as an APC (25). Time-lapse
videomicroscopy revealed that soon after the T cell encountered
an APC, a pool of MAL rapidly concentrated at the IS (Fig. 1B,
Supplemental Video 1). A detailed analysis of the initial events
during formation of the conjugates revealed that MAL rapidly
distributed in the T cell lamellipodia embracing the APC and,
a few seconds later, concentrated at the center of the contacting
membranes. Almost simultaneously, the internal MAL pool reor-
iented, probably with the centrosome, to face the IS. In addition,
numerous MAL-positive vesicles were visualized trafficking bi-
directionally between the centrosomal region and the plasma
membrane along tracks made of microtubules (Fig. 1B, 1C). We
reconstructed three-dimensional images and rotated them to view
the IS from the side, which allowed the MAL pool present at the
contact membrane to be distinguished from that at the pericen-
triolar region, which is very close to the T cell–APC interface
(Fig. 1D). The number of conjugates with MAL at the IS increased
and had kinetics similar to that of TCR, with .80% of conjugates
with MAL concentrated at the IS after 15 min of conjugation (Fig.
1E). Quantitative analysis showed an ∼2.8-fold enrichment of
MAL and an ∼3.7-fold of TCR at the IS, whereas CD45 was
evenly distributed at the plasma membrane (Fig. 1F). The accu-
mulation of MAL at the IS occurred preferentially at the cSMAC,
as revealed by double-label immunofluorescence analysis of MAL
FIGURE 2. Modification of the last extracellular loop of MAL missorts the protein to the pSMAC. A, Schematic model of the MAL proteins for which
exogenous expression was analyzed. Exogenous MAL molecules were modified with a tag (myc or GFP) at the N terminus (MAL) or also with a FLAG
epitope at the last hydrophilic loop of the molecule (MAL-FLAG). The anti-MAL mAb 6D9 recognizes that loop in MAL but not in MAL-FLAG because it
is disrupted by the insertion of the FLAG sequence. The anti-myc Ab recognizes the two types of exogenous MAL, and the anti-FLAG Ab only the MAL-
FLAG molecule. B, The soluble (S) and the DRM (I) fractions from control Jurkat, Jurkat MAL, or Jurkat MAL-FLAG cells were immunoblotted with anti-
MAL mAb 6D9 or Abs to the myc or FLAG epitopes (left panels). The position of endogenous MAL (MAL), myc-MAL (MAL*), and myc-MAL-FLAG
(MAL-FLAG) as well as that of molecular mass markers is shown. The distributions of transferrin receptor (TfR) and CD59 were used as markers of the S
and I fractions, respectively. A quantitative analysis of the levels of the endogenous and exogenous MAL molecules is shown (right panel). Two different
clones of Jurkat MAL-FLAG cells (clones 1 and 2) were analyzed. C, Jurkat MAL-FLAG cells were conjugated to SEE-pulsed APCs for 15 min. Cells were
fixed and, without the permeabilization step, stained with anti-FLAG Abs and anti-TCR, LFA-1, or ICAM-3 Abs. F-actin staining was performed after
permeabilization once the cells were stained with anti-FLAG Abs. An en face view of the contact zone is also shown. The same result was obtained with
MAL-FLAG cell clones 1 and 2. D, The histogram represents the percentage of T cells with MAL-FLAG at the cSMAC or pSMAC. Clones 1 and 2 of
Jurkat MAL-FLAG cells were analyzed. For analysis of statistical significance, these values were compared with the corresponding values obtained for
MAL in Jurkat MAL cells (Fig. 1G). Jurkat MAL-FLAG cell clone 1 was used in the rest of the experiments in this work. E, Jurkat MAL-FLAG cells were
conjugated to SEE-pulsed APCs and subjected to time-lapse videomicroscopy. Solid and clear arrowheads indicate vesicles transporting MAL-FLAG from
the Golgi region to the IS and from the cell periphery to the Golgi region, respectively. Arrows point to sites of MAL-FLAG accumulation at the IS. A
higher magnification of the boxed areas is shown in the right panels. Numbers indicate time in seconds. Means 6 SEM of three independent experiments
are represented in B and D. Scale bars, 5 mm. ***p , 0.001.
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and TCR or F-actin, which were used as markers of the cSMAC or
pSMAC, respectively (Fig. 1G). Therefore, to summarize Fig. 1,
a pool of MAL translocates rapidly to the T cell–APC interface
and localizes at the cSMAC in the mature IS, and a second pool of
MAL reorients to the IS, accompanying the movement of the
centrosome.
MAL targeting to the cSMAC requires integrity of its last
extracellular loop
Our anti-MAL Ab (6D9 mAb, Fig. 2A), which was made to the last
hydrophilic loop of the MAL molecule, is not of use in immu-
nofluorescence analysis. Because the proximity of the internal
pool to the contact membrane often obscures the detection of the
pool of MAL at the IS in permeabilized cells using cytosolically
oriented tags, we expressed a modified MAL molecule (MAL-
FLAG), which, in addition to the cytoplasmic myc tag present
at the amino terminal end, bears a FLAG epitope in its last hy-
drophilic loop to allow staining in unpermeabilized cells (Fig. 2A).
That loop was demonstrated previously to be extracellular (21).
We generated stable transfectants expressing MAL-FLAG in
Jurkat J77 cells (Jurkat MAL-FLAG) to prevent massive over-
expression and compared these cells with transfectants expressing
the MAL molecule with only the myc tag (Jurkat MAL) and with
control, parental Jurkat J77 cells. Curiously, whereas Jurkat-MAL
cells downmodulated the expression of endogenous MAL to
compensate for the expression of exogenous MAL, this was not
true in MAL-FLAG cells, resulting in the expression of approxi-
mately twice as much total MAL relative to parental cells (Fig.
2B).
The subcellular distribution of exogenous MAL (Supplemental
Fig. 2A), the ability of exogenous MAL or MAL-FLAG to replace
the endogenous MAL protein in the processes of Lck transport to
the plasma membrane (Supplemental Fig. 2B), targeting of TCR
to the IS (Supplemental Fig. 2C, 2D) and activation of signaling
pathways in response to TCR triggering (Supplemental Fig. 2E–
H), and the internalization of TCR (Supplemental Fig. 2I) were
all mostly similar in the MAL and MAL-FLAG Jurkat cell trans-
fectants, although a delay in ERK activation was observed in
MAL-FLAG cells. Importantly, MAL-FLAG mostly localized to
the pSMAC, as revealed by double-label immunofluorescence
analysis with Abs to the FLAG epitope and TCR, LFA-1, ICAM-
3, or F-actin staining in unpermeabilized cells (Fig. 2C, 2D). This
result contrasts with the cSMAC distribution of MAL observed in
Jurkat MAL cells (Fig. 1G). The missorting of MAL-FLAG to the
pSMAC was confirmed in the T cell–APC conjugates formed
using a second stable Jurkat MAL-FLAG cell clone (Fig. 2D).
Time-lapse videomicroscopy of conjugates of cells stably ex-
pressing GFP-tagged MAL-FLAG revealed that, similar to MAL,
MAL-FLAG was detected at the T cell lamellipodium sur-
rounding the APC, at the centrosome region, and in trafficking
vesicles (Fig. 2E, Supplemental Video 2). However, unlike MAL,
which was evenly distributed along the edge of the embracing
FIGURE 3. MAL distribution controls sorting of Lck and LAT at the SMAC. A, Jurkat MAL or Jurkat MAL-FLAG cells were conjugated to SEE-loaded
APCs for 15 min. Cells were fixed, permeabilized, and stained for MAL and Lck (left panels) or LAT (right panels). Arrows point to sites of accumulation
of the indicated proteins at the IS. B, Conjugates formed by Jurkat MAL-FLAG cells were stained for F-actin and ZAP70 or PKC-u. C, Quantitative
analysis of the percentage of Jurkat MAL or Jurkat MAL-FLAG cells with distribution of the indicated molecules to the pSMAC. D, Human primary T cells
transiently expressing MAL or MAL-FLAG were conjugated to SEE-loaded APCs for 15 min. Cells were fixed, permeabilized, and analyzed for the
distribution of Lck (left panels) or LAT (right panels). The small panels show a magnification of the contact area (boxed regions). The single-color images
and the colocalization images, which represent only the pixels in which the staining of the two proteins coincides, corresponding to the magnifications were
pseudocolored using the color scales indicated in each case. Arrows point to sites of accumulation of the indicated proteins at the IS. The histogram
represents the percentage of cells with Lck or LAT at the pSMAC in the cells expressing MAL or MAL-FLAG. Mean values6 SEM of three (C) or two (D)
independent experiments are represented. Scale bars, 5 mm. *p , 0.05, ***p , 0.001.
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lamellipodium, MAL-FLAG accumulated at the lamellipodium
sides and remained there for a long time. The results presented in
Figs. 1 and 2 show that a pool of MAL is targeted to cSMAC soon
after contact of the T cell with the APC and that this targeting
requires the integrity of the last extracellular loop of MAL, be-
cause its disruption caused missorting of MAL to the pSMAC.
MAL distribution controls sorting of Lck and LAT to specific
SMAC subdomains
The observation that MAL-FLAG was missorted to the pSMAC
prompted us to investigate whether the targeting of other SMAC
proteins was affected. Although the distribution of TCR, LFA-1, or
F-actin was unaltered, it is of note that both Lck and LAT were
mistargeted to the pSMAC in Jurkat MAL-FLAG cells (Fig. 3A,
3C). ZAP70 and PKC-u maintained their correct targeting to the
cSMAC regardless of the distribution of exogenous MAL (Fig.
3B, 3C). The missorting of Lck and LAT induced by the presence
of exogenous MAL at the pSMAC was corroborated by analyzing
the distribution of transiently expressed GFP fusions of both
molecules (Supplemental Fig. 3A). It is apparent that the targeting
of MAL to the pSMAC or its effect on Lck and LAT mis-
localization was not restricted to the use of the superantigen SEE,
given that similar results were observed in T cell–APC conjugates
formed with Jurkat CH7C17 cells (26) in the presence of SEB or
the peptide-encompassing aa 307–319 of the HA molecule (Sup-
plemental Fig. 3B, 3C). Finally, similar to the case of Jurkat MAL-
FLAG cells, expression of MAL-FLAG in primary T lymphocytes
resulted in mislocalization of Lck and LAT but not TCR to the IS
periphery (Fig. 3D). In summary, the missorting of exogenous
MAL to the pSMAC was accompanied by that of the raft-
associated molecules Lck and LAT.
MAL is required for transport of Lck to the plasma membrane
of resting T lymphocytes (19). Therefore, it is plausible that this
could be also the case for Lck transport to the cSMAC in T cell–
APC conjugates. To examine this hypothesis, we monitored the
movement of MAL and Lck during IS formation by time-lapse
videomicroscopy in Jurkat MAL cells and compared it with that in
Jurkat MAL-FLAG cells (Fig. 4A–D). MAL and Lck were found
to travel in the same or closely related transport carriers destined
for the cSMAC in Jurkat MAL cells (Fig. 4A, Supplemental Fig. 4,
Supplemental Video 3). In addition, we observed that whereas Lck
and MAL were evenly distributed at the cell-to-cell interface after
the initial contact between the T cell and APC (stage I), the levels
of both proteins at the central part of IS gradually increased af-
terward (stages II to III) without sustained accumulation at pe-
ripheral sites (Fig. 4C). Lck and exogenous MAL were also found
in the same transport vesicles in Jurkat MAL-FLAG cells (Fig. 4B,
Supplemental Video 4), but, unlike Jurkat MAL cells, Lck and
FIGURE 4. Effect of MAL distribution on Lck dynamics during IS formation. Jurkat MAL (A) or Jurkat MAL-FLAG (B) cells were transfected with
a DNA construct encoding Lck-cherry. After 16 h, cells were conjugated to SEE-pulsed APCs and subjected to time-lapse videomicroscopy. The processes
occurring within the boxed region in the differential contrast images (bottom panels) are shown at higher magnification in the top panels. The single-color
images and the images representing only the pixels in which the staining of the two proteins coincides (Col.) were pseudocolored using the color scales
indicated in each case. Arrows point to sites of accumulation of the indicated proteins at the IS. Arrowheads indicate vesicles that emerge from the Golgi
region and travel to the IS. Numbers indicate time in seconds. C and D, The schematics on the left represent three stages (I–III) of IS formation defined by
the progressive accumulation of MAL at the IS and the proximity of the centrosome to the contact zone. Graphs represent the fluorescence intensity of
MAL (C) or MAL-FLAG (D) and Lck at the contact site at the indicated stages of IS formation obtained by analysis of Supplemental Videos 3 and 4,
respectively. The arrows and the asterisk point to the periphery and the central part of the IS, respectively. Details of vesicles (arrowheads) transporting Lck
to IS in Jurkat MAL (E) or Jurkat MAL-FLAG cells (F). Arrows point to sites of accumulation of Lck at the IS. Arrowheads indicate vesicles/tubules that
transport Lck to the IS. Scale bars, 5 mm.
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MAL accumulated at peripheral parts of the IS (stage II) and were
excluded from the central part (stage III) (Fig. 4D). We visualized
tubular connections between the centrosomal region and the IS
that served as tracks for transport of Lck (Fig. 4E, 4F, Supple-
mental Video 5). It is of note that the connections ended at the
central part of the IS in Jurkat MAL cells (Fig. 4E) or at its pe-
riphery in Jurkat MAL-FLAG cells (Fig. 4F). The results in Fig. 4
therefore indicate that MAL targets Lck directly to the cSMAC in
Jurkat MAL cells or to the pSMAC in Jurkat MAL-FLAG cells
and that this differential targeting takes place by vesicles and
tubules that follow linear tracks connecting the centrosomal region
with the cSMAC or pSMAC, respectively.
Although LAT colocalized extensively with MAL in pericen-
triolar endosomes (Supplemental Fig. 4), no colocalization of LAT
with MAL-positive transport vesicles was found in Jurkat MAL or
Jurkat MAL-FLAG cells forming an IS (Fig. 5A, 5B, Supplemental
Fig. 4, Supplemental Videos 6, 7). Apparently, the initial accu-
mulation of LAT to the IS does not involve vesicular transport
from the centrosomal region in any of the two types of Jurkat cell,
but, rather, LAT appears to redistribute mostly from a surface pool.
Consistent with the lack of a role for MAL in targeting LAT to the
cell surface, LAT transport to the plasma membrane of resting
T cells occurred equally well regardless of MAL expression
(Supplemental Fig. 5A) and took place in vesicular structures that
were mostly devoid of MAL (Supplemental Fig. 5B). When we
analyzed the redistribution of LAT to the IS in detail (Fig. 5C,
5D), we observed that initially LAT accumulated preferentially at
the sides of the contact with the APC in Jurkat MAL and Jurkat
MAL-FLAG cells (stage II). Later on, LAT disappeared from the
IS sides and accumulated at the central part in Jurkat MAL cells
(Fig. 5C, stage III), whereas in Jurkat MAL-FLAG cells, the levels
of LAT at the IS sides increased continuously, with no evidence of
redistribution to the central part (Fig. 5D, stage III). The results
shown in Fig. 5 indicate that LAT follows a mechanism different
from that of Lck for IS targeting, given that LAT appears to re-
distribute from a surface pool, but, similar to Lck, the accumu-
lation of MAL at the cSMAC or pSMAC dictates the final location
for concentration of LAT.
Mistargeting of MAL to the pSMAC causes reduced membrane
condensation at the cSMAC and missorting of raft markers to
the pSMAC
The N-terminal 10-aa sequence of Lck is sufficient to confer
myristoylation and double palmitoylation on a GFP chimera
(Lck10-GFP) and to incorporate it into DRMs (23, 27). Lck10-GFP
has been used as a probe to monitor the distribution of specific
compact membranes in T cells (23). Similar to Lck and LAT,
Lck10-GFP accumulated at the cSMAC or pSMAC depending
on the place of exogenous MAL accumulation (Fig. 6A, 6B).
The distribution of ganglioside GM1, a raft marker normally
FIGURE 5. Effect of MAL distribution on LAT dynamics during IS formation. Jurkat MAL cells (A) or Jurkat MAL-FLAG cells (B) expressing LAT-
cherry for 16 h were conjugated to SEE-pulsed APCs and subjected to time-lapse videomicroscopy. The processes occurring within the boxed region in the
differential contrast images (bottom panels) are shown at higher magnification in the top panels. The single-color images and the images representing only
the pixels in which the staining of the two proteins coincides (Col.) were pseudocolored using the color scales indicated in each case. Arrows point to sites
of accumulation of the indicated proteins at the IS. Arrowheads indicate vesicles that emerge from the Golgi region and travel to IS. Numbers indicate time
in seconds. Graphs representing the fluorescence intensity of LAT and MAL (C) or MAL-FLAG (D) staining at the contact site at the indicated stages of IS
formation obtained by analysis of Supplemental Videos 6 and 7, respectively. The arrows and the asterisk point to the periphery and the central part of the
IS, respectively. Scale bars, 5 mm.
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moderately enriched at the cSMAC, showed the same dependence
on exogenous MAL as Lck10-GFP did (Fig. 6B, 6C). The packing
density of biological membranes can be directly measured using
the Laurdan fluorescent membrane dye (8). This does not pref-
erentially partition into a particular type of membrane, but its
fluorescence emission spectrum shifts depending on the degree of
condensation and order of its membrane environment, making it
possible to distinguish densely packed, ordered membranes from
those with a loosely packed, disordered structure. This experi-
mental approach has also been used to visualize the distribution of
ordered domains of various cell systems, including T cells (9, 28).
In Jurkat MAL cells, highly condensed domains accumulated
along the entire contact zone, whereas in Jurkat MAL-FLAG cells,
condensed domains were restricted to the IS periphery (Fig. 6D).
This difference is better visualized in the en face view of the IS
(Fig. 6E, left panels), where it can be clearly seen that MAL-
FLAG caused depletion of highly condensed domains at the
central zone of the IS, augmented membrane order (Fig. 6E, right
panels), and increased the percentage of ordered membranes at
the IS periphery (Fig. 6F). The loss of highly condensed domains
from the cSMAC was confirmed in conjugates formed by primary
human T lymphocytes expressing MAL-FLAG (Fig. 6G). There-
FIGURE 6. MAL missorting to the pSMAC causes redistribution of raft markers and condensed membranes within the IS. A–C, Jurkat MAL or MAL-
FLAG cells were transiently transfected with Lck10-GFP for 18 h (A) or remained untransfected (C). Cells were then conjugated to SEE-loaded APCs for
15 min, fixed, permeabilized, and stained for actin and Lck10-GFP (A) or GM1 (C). An en face view of the IS is also shown. The histogram in B shows the
percentage of cells with TCR, F-actin, Lck10-GFP, or GM1 preferentially distributed in the pSMAC in Jurkat MAL or MAL-FLAG cells. The histogram in
C shows the ratio of the intensity of actin or GM1 staining at the pSMAC relative to that at the cSMAC in the two types of Jurkat cell. D, Jurkat MAL and
Jurkat MAL-FLAG cells were labeled with Laurdan and then conjugated to SEE-loaded APCs for 15 min. The intensity of fluorescence emission in living
cells was determined in two channels (400–460 nm and 470–530 nm), and the resulting intensity images were transformed to GP images and pseudocolored
(see scale of GP). The graphics represent the GP values along the IS (white line in the differential contrast images) for each type of Jurkat cell. The arrows
point to the IS periphery, and the asterisk indicates the central region. E, An en face view of the IS is shown in pseudocolor (left panels). A three-di-
mensional histogram of the GP values at the IS is also presented (E, right panels). F, The histogram represents the percentage of ordered membranes at the
cSMAC or the pSMAC in Jurkat MAL or MAL-FLAG cells. G, Conjugates of human primary T cells transiently expressing MAL or MAL-FLAG were
analyzed as in D. The histogram shows the number of cells with higher GP values at the pSMAC than at the cSMAC. Means 6 SEM of three (B, C, F) or
two (G) independent experiments are represented. Scale bars, 5 mm. *p , 0.05, **p , 0.01.
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fore, the results in Fig. 6 indicate that misplacement of exogenous
MAL to the pSMAC produces parallel missorting of raft markers
and highly condensed membrane domains.
MAL distribution controls correct targeting of machinery
involved in docking of microtubules or transport vesicles at the
SMAC
We previously showed that MAL travels to the IS along linear
tracks made of microtubules that connect the centrosome with the
cSMAC (Fig. 1B, 1C). As transport vesicles and microtubules are
docked at the plasma membrane using specific machineries, we
decided to investigate the distribution of elements of such ma-
chineries in T cell–APC conjugates formed by Jurkat MAL and
Jurkat MAL-FLAG cells. The appropriate combination of
SNARES on vesicle and target membranes (t-SNARES) deter-
mines the docking of the transport vesicles at specific sites in
cellular membranes and their subsequent fusion (29). Exocytosis
in nonneuronal cells may involve two plasma membrane t-
SNARES, syntaxin-3 or -4, and SNAP-23 (30). Consistent with
previous work reporting syntaxin-4 and SNAP-23 localization (4),
both proteins distributed along the entire IS in Jurkat MAL cells,
but, in contrast, they preferentially accumulated at the IS pe-
riphery in Jurkat MAL-FLAG cells (Fig. 7A–C). Consistent with
this alteration, most of SNAP-23 and a fraction of syntaxin-4 were
found in compact membranes (Fig. 7D). Microtubule docking to
the cell cortex involves interactions between specific proteins at
FIGURE 7. MAL distribution controls sorting to SMAC subdomains of protein machinery involved in the docking of transport carriers or microtubules to
the plasma membrane. A–C, Jurkat MAL or Jurkat MAL-FLAG cells were conjugated with SEE-loaded APCs for 15 min. Cells were fixed, permeabilized,
and stained with Abs to syntaxin-4 (STX4) (A) or SNAP-23 (B). The histogram shows the percentage of cells with STX4 or SNAP-23 enriched at the IS
periphery (C). D, The soluble (S) fraction and the DRM fractions (I) from control Jurkat, Jurkat MAL, or Jurkat MAL-FLAG cells were immunoblotted
with Abs to STX4 or SNAP-23. Transferrin receptor (TfR) and CD59 were used as markers of the S and I fractions, respectively. E, Jurkat MAL or Jurkat
MAL-FLAG cells were conjugated to SEE-loaded APCs for 15 min. Cells were fixed, permeabilized, and stained with Abs to EB1 or adenomatous
polyposis coli (apc) protein. The images resulting from the reconstruction of the confocal stacks obtained for EB1 staining are shown (top panels). The
reconstructed images of EB1 and apc staining were used to obtain 0.4-mm-wide sections at the cell-to-cell contact, as shown in the schematics in the bottom
panels. These sections were viewed from the side (0˚) or rotated through 90˚. The single-color images are shown in gray. The images showing only the
pixels in which the staining of the two proteins coincides (Col.) were pseudocolored using the indicated color scale. An enlargement of the boxed region is
also shown. Concentric rings were drawn to facilitate visualization of the place on the IS where the colocalization dots were concentrated. F, The histogram
represents the percentage of pixels showing colocalization of EB1 and adenomatous polyposis coli protein at the pSMAC and the cSMAC. G, EB3-GFP
was expressed in Jurkat MAL or Jurkat MAL-FLAG cells for 16 h. Cells were then conjugated with SEE-loaded APC and subjected to time-lapse vid-
eomicroscopy in a confocal microscope. The images show the reconstruction of 31 frames (top panels). The boxed region was enlarged and pseudocolored
using the indicated scale (bottom panels). The schematics show the regions with a high (HD) or low density (LD) of EB3-labeled tubules traveling to the
contact with the B cell. H, The histogram represents the ratio of EB3 intensity at the pSMAC versus that at the cSMAC. I, HA-GFP was expressed in Jurkat
MAL or Jurkat MAL-FLAG cells for 16 h. Cells were then conjugated with SEE-loaded Raji cells for 15 min and fixed. The arrows indicate sites of HA
accumulation at the IS. The histogram represents the percentage of cells with HA targeted to the cSMAC or pSMAC. Means6 SEM of three (C) or two (F,
H, I) independent experiments are represented. Scale bars, 5 mm. *p , 0.05, **p , 0.01.
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the growing end of microtubules, such as proteins EB1 and EB3,
and proteins attached to the subcortical cytoskeleton, such as the
adenomatous polyposis coli protein (31, 32). By obtaining three-
dimensional reconstruction images, we observed that the coloc-
alization between EB1 and the adenomatous polyposis coli protein
was greatest at the central region or at a peripheral ring of the IS,
depending on the place of accumulation of exogenous MAL (Fig.
7E, 7F). Moreover, consistent with this finding, we found a similar
dependence for the place of concentration of newly formed mi-
crotubules, as monitored with EB3-GFP (Fig. 7G, 7H). Finally,
we examined whether the abnormal arrangement of condensed
membranes and docking machinery for vesicles and microtubules
at the IS caused by missorting of exogenous MAL to the pSMAC
also affects the targeting of an ectopic protein. We observed
that the transmembrane HA protein, a prototypical raft-associated
cargo molecule distributed preferentially to the cSMAC or to
the pSMAC, depending on the place of exogenous MAL accu-
mulation (Fig. 7I). In conclusion, the results in Fig. 7 indicate that
MAL regulates the distribution of machinery involved in docking
transport vesicles and microtubules and targeting proteins to
specific regions of the IS (Fig. 8).
Discussion
The assembly of IS requires the translocation of specific mole-
cules to the contact zone of the T cell with an APC and the effec-
tive sorting of these molecules in distinct SMAC subdomains. The
precise mechanism by which protein sorting to the cSMAC and
pSMAC takes place is unknown. In the absence of MAL expres-
sion, Lck is retained intracellularly and cannot be targeted to the IS,
and, as a consequence, TCR, LAT, and other signaling molecules
are not translocated either (19). This early effect on IS formation
precluded the use of MAL knockdown for investigating the pos-
sible direct role of MAL in SMAC assembly. In this study, we
show that MAL translocates rapidly to the IS and concentrates at
the cSMAC. Later on, a pericentrosomal pool of MAL moves to
the IS, accompanying microtubule-organizing center reorienta-
tion, as was previously observed for Lck (33). We focused our
investigation on the initial recruitment of MAL to the IS and its
role in protein sorting to the IS. By using a modified MAL mol-
ecule that is missorted to the pSMAC, we observed that correct
MAL distribution at the IS is crucial for correct targeting of Lck
and LAT, but not TCR, to the cSMAC. Missorting of MAL, in
addition to mislocalizing Lck and LAT to the pSMAC, reduced
membrane condensation at the cSMAC, misplaced raft markers to
the pSMAC, and provoked a profound change in the distribution
of machinery for docking transport vesicles and microtubules at
the IS. Therefore, MAL plays a role at IS by organizing condensed
membranes and controlling the targeting of proteins specifically to
the cSMAC.
Size exclusion and membrane-bending effects have long been
considered as possible contributors to protein sorting within the
SMAC (34). Large ectodomains in transmembrane proteins can
prevent these proteins localizing in the cSMAC where the close
proximity of the plasma membrane, the T cell, and the APC is
needed for the TCR to recognize the Ag presented by the MHC
molecule (35). The clustering state of the molecules can also af-
fect their sorting within the SMAC, as observed for LFA-1 (36).
Membrane rafts are postulated as being specialized platforms for
the specific compartmentation of receptors and signaling mole-
cules in all types of cell (37). The possible involvement of raft
membranes in assembling the signaling machinery in T cells (11,
38–41) was challenged by single-molecule microscopic studies,
indicating that protein–protein interactions are sufficient to ex-
plain the assembly (15). This observation, however, does not allow
us to rule out the possibility that, in keeping with the existence of
condensed domains and raft lipids at the contact zone (13, 14), raft
membranes are the milieu where at least part of the signaling
machinery is normally assembled at the IS. If this were the case,
raft membranes at the IS could help to regulate the spatial orga-
nization of the SMAC by segregating specific molecules to dif-
ferent SMAC subdomains.
Using the Laurdan technique, we observed that MAL locali-
zation regulates the distribution of condensed membranes within
the SMAC in Jurkat cells and primary T lymphocytes. Highly
ordered membranes were distributed along the IS in cells ex-
pressing MAL at the cSMAC. However, in cells in which MAL
was missorted to the pSMAC, membrane order, as measured by GP
value, was diminished at the cSMAC and increased at the pSMAC.
The missorting of ordered membranes to the pSMAC was cor-
roborated by the parallel misdistribution of raft markers, such as
ganglioside GM1 and Lck10-GFP. Despite the changes in the
distribution of condensed membranes at the IS, signaling occurred
efficiently in response to TCR triggering in both types of Jurkat
cell. This result is consistent with previous observations showing
that most of the signaling occurs in dynamic microclusters well
before SMAC assembly takes place (42–44) and that microclusters
form independently of raft clustering (45). The delay on ERK
activation observed in the cells with MAL missorted to the
pSMAC might indicate a modest contribution of the SMAC to the
FIGURE 8. Schematics of the proposed role of MAL in the assembly of
the SMAC. MAL is normally sorted to the cSMAC, where it colocalizes
with highly ordered membranes. MAL mediates vesicular transport of Lck
from pericentriolar endosomes directly to the cSMAC using microtubule
tracks docked at the cSMAC. LAT, however, translocates to the cSMAC
mainly from a plasma membrane pool. Mislocalization of MAL to the
pSMAC produces loss of highly ordered membranes from the cSMAC, in-
creased membrane condensation at the pSMAC, and missorting of Lck, LAT,
and machinery for microtubule or vesicle transport docking to the pSMAC.
As a result of these changes, Lck is transported directly to the pSMAC in-
stead of to the cSMAC. Both Lck and LAT segregate at the IS into the or-
dered membranes organized by MAL regardless of the distribution of MAL.
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signaling process. It is of particular note that the abnormal dis-
tribution of highly ordered membranes at the IS arising from the
presence of MAL at the pSMAC caused missorting of Lck and
LAT to the pSMAC. Therefore, the distribution of highly ordered
membranes at the cSMAC and that of the raft-associated proteins
Lck and LAT are strictly dependent on MAL targeting to the
cSMAC. The proposed role of MAL as machinery for membrane
order organization at the IS is supported by the observation of that
MAL clustering creates specifically large, condensed membrane
domains in the plasma membrane (20).
Lateral diffusion, cytoskeleton-mediated movement, and intra-
cellular trafficking are different mechanisms that serve to con-
centrate specific membrane proteins at the IS. Consistent with
this diversity, we found remarkable differences in the targeting of
Lck and LAT to the IS. LAT accumulation at the IS appears to take
place mainly by translocation from a surface pool that concentrated
initially at the IS sides. LAT then segregated to a central position or
remained at the IS sides depending on the placewhereMAL and the
condensed domains accumulated. This observation indicates that
LAT targeting to the cSMAC occurs once it has arrived at the IS
by selective retention into MAL-enriched membranes. This reten-
tion might be reminiscent of the MAL-dependent stabilization of
specific apical proteins described in polarized epithelial cells (46,
47). Unlike LAT, Lck was transported in MAL-positive vesicles
from pericentriolar endosomes to the place where MAL accu-
mulates, regardless of whether it was the cSMAC or the pSMAC.
Importantly, the MAL-positive vesicular carriers moved to the IS
along microtubule tracks that connect the centrosome with the
IS, although they were differentially docked at the central part or
at the sides of the cell-to-cell contact, depending on the place of
exogenous MAL accumulation. Supporting this observation, we
found that EB1, a protein present at the growing end of micro-
tubules, colocalized with adenomatous polyposis coli, a protein
involved in microtubule docking to the cell cortex, preferentially
at the center of IS or at a peripheral ring coinciding with the place
of MAL concentration. Therefore, in contrast to lytic granule
movement, which takes place by minus-end directed movement
along long microtubules that curve after contacting the IS (48, 49),
MAL-mediated vesicular transport of Lck to the IS relies on plus-
end directed traffic along short microtubules.
A role for microtubule docking at the IS in SMAC architecture
has been proposed on the basis of the effect of the disruption of
the dynein–dynactin complex by the overexpression of p50 dyna-
mitin, a subunit of dynactin (50). Under those conditions, TCR
disperses at the pSMAC instead of being clustered at the cSMAC,
and LFA-1 becomes partially mistargeted to the cSMAC (50).
Tumor suppressor gene 101, a component of the endosomal
sorting complex required for transport, is essential for correct
sorting of the TCR to the cSMAC. Unlike in control cells, where
TCR and PKC-u colocalize in peripheral microclusters but be-
come segregated in the cSMAC (51), in tumor suppressor gene
101-knockdown cells, TCR and PKC-u fail to segregate and re-
main together in large microclusters at the pSMAC (52). We have
observed TCR concentration at the cSMAC regardless of the lo-
cation of MAL accumulation at the IS, consistent with TCR fol-
lowing a pathway for targeting to the cSMAC that is distinct from
that of Lck or LAT. Confirming this, in addition to controlling
microtubule docking to the IS, MAL regulates the transport ves-
icle targeting site, we found that syntaxin-4 and SNAP-23, two t-
SNARES involved in docking transport vesicles to the plasma
membrane, distributed preferentially to cSMAC or pSMAC in
a MAL localization-dependent manner. Therefore, in addition to
transporting Lck directly to the IS, MAL appears to regulate
membrane order at the IS in such a way that Lck, LAT, syntaxin-4,
and SNAP-23 segregate into the ordered membranes organized by
MAL (Fig. 8). Reflecting the profound alternations at the SMAC
primarily caused by MAL mislocalization, the transmembrane HA
protein, a prototypical raft-associated cargo protein, is also tar-
geted to either SMAC subdomain depending on the pattern of
MAL distribution.
In polarized epithelial cells, MAL mediates direct vesicular
transport of cargo to the apical surface (17, 18) and stabilization of
specific proteins at the apical membrane (46, 47). Our present
results indicate that, in polarized T cells, MAL regulates mem-
brane order at the IS and uses both direct vesicular transport and
plasma membrane retention mechanisms to ensure correct sorting
of Lck and LAT to the cSMAC.
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ABSTRACT Membrane organization into condensed domains or rafts provides molecular 
platforms for selective recruitment of proteins. Cell migration is a general process that re-
quires spatiotemporal targeting of Rac1 to membrane rafts. The protein machinery respon-
sible for making rafts competent to recruit Rac1 remains elusive. Some members of the MAL 
family of proteins are involved in specialized processes dependent on this type of membrane. 
Because condensed membrane domains are a general feature of the plasma membrane of all 
mammalian cells, we hypothesized that MAL family members with ubiquitous expression and 
plasma membrane distribution could be involved in the organization of membranes for cell 
migration. We show that myeloid-associated differentiation marker (MYADM), a protein with 
unique features within the MAL family, colocalizes with Rac1 in membrane protrusions at the 
cell surface and distributes in condensed membranes. MYADM knockdown (KD) cells had al-
tered membrane condensation and showed deficient incorporation of Rac1 to membrane raft 
fractions and, similar to Rac1 KD cells, exhibited reduced cell spreading and migration. Results 
of rescue-of-function experiments by expression of MYADM or active Rac1L61 in cells knocked 
down for Rac1 or MYADM, respectively, are consistent with the idea that MYADM and Rac1 
act on parallel pathways that lead to similar functional outcomes.
INTRODUCTION
Cell migration can be defined as a cyclical process of assembly/
disassembly of integrin-based adhesive structures coordinated by 
the underlying cytoskeleton. Such adhesive turnover is usually ori-
ented toward spatiotemporal cues in the environment and mediates 
vital processes, such as organism development, wound repair an-
giogenesis, and immune responses (Ridley et al., 2003). A patho-
logical deregulation of cell migration contributes to serious diseases 
like cancer and metastasis atherosclerosis and autoimmunity (Rolfe 
et al., 2005; Yamazaki et al., 2005).
Oriented motility requires mechanisms of compartmentalization 
at the plasma membrane to generate asymmetry in signaling path-
ways that drive forward movement at the leading edge or contrac-
tion at the back of the cell (Manes et al., 2003; Ridley et al., 2003). 
One such mechanism arises from the existence of membrane het-
erogeneity that favors the selective recruitment of protein com-
plexes (Manes et al., 2003; Golub and Pico, 2005). Cholesterol-
dependent membrane domains with varying degrees of condensation 
can be visualized in living cells by staining with the fluorescent probe 
Laurdan (Gaus et al., 2003, 2006a). Condensed membranes are 
probably equivalent to liquid-ordered membrane assemblies of 
glycolipids and cholesterol (also referred to as membrane rafts), 
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member of the MARVEL domain–containing superfamily that has 
two MARVEL domains (Figure 1D). The two MARVEL domains were 
necessary for targeting MYADM to the plasma membrane (Supple-
mental Figure S1C). Using a newly generated antibody (Supple-
mental Figure S1D), we confirmed at the protein level the 
widespread expression of MYADM (Figure 1D) and found that, sim-
ilar to all the MAL family members analyzed to date, endogenous 
MYADM (Figure 1E) partitioned preferentially into detergent-resis-
tant membranes (DRMs) enriched in compact membrane domains 
(Brown and Rose, 1992) as well as did exogenous MYADM-green 
fluorescent protein (GFP) (Supplemental Figure S1E). The domains 
organized by MYADM appear to be different from those organized 
by caveolin as a low level of colocalization was detected between 
both proteins (Supplemental Figure S1F). The widespread expres-
sion pattern of MYADM (Figure 1, B and D, and Supplemental 
Figure S1A), its presence at the plasma membrane (Figure 1C), and 
its partitioning into compact membranes (Figure 1E and Supple-
mental Figure S1E) are compatible with a general role of MYADM 
in raft-mediated events at the plasma membrane.
MYADM regulates cell spreading and migration
To gain insight into MYADM function, we adopted a loss-of-function 
strategy using specific shRNA or siRNA to generate transient knock-
down (KD) of MYADM expression. First, cells were transfected with 
constructs expressing shRNA1 or shRNA2 that were targeted to the 
coding sequence or the 3′ untranslated region, respectively, of 
MYADM mRNA (Figure 2A). Cells expressing shRNA1 or shRNA2 
were shown to maintain or severely reduce (∼85–90%) MYADM lev-
els, respectively, and were subsequently used as control or MYADM 
KD cells. We prepared stable transfectants expressing MYADM-GFP 
as a control of the specificity of shRNA2. MYADM-GFP transcript 
lacks the entire 3′ untranslated region of MYADM mRNA and thus is 
insensitive to shRNA2 (Figure 2A). Morphological analysis of 
MYADM KD cells revealed a reduction in the spreading area (Figure 
2, B and C) and cell shape as measured by the elliptical factor 
(length/breadth) (Figure 2D) but not in the adhesion to the substra-
tum (Figure 2E). Importantly, spreading and elongation defects were 
not observed in MYADM KD cells expressing exogenous MYADM-
GFP (Figure 2, B–D). Further membrane dynamic analysis by time-
lapse video microscopy revealed constant extension and retraction 
of the plasma membrane in subconfluent control cells undergoing 
random migration. In contrast, protrusive-retractile activity appeared 
remarkably lower at the edges of MYADM KD cells (Figure 2F). To 
test whether the defects in membrane dynamics affect the migra-
tory capacity of the cells, we then compared control and MYADM 
KD cells in random migration assays (Figure 2G). The average veloc-
ity was significantly lower in MYADM KD cells than in control cells 
and in MYADM KD cells expressing MYADM-GFP (Figure 2H). In ad-
dition, the index of directionality (the net distance divided by the 
total distance traveled by the cell) measured on tracked cell trajec-
tories diminished by ∼50% in MYADM KD cells and was restored by 
expression of MYADM-GFP (Figure 2I).
To confirm the data obtained by shRNA expression in a second 
approach, HeLa cells were transiently transfected with specific siR-
NAs targeted to MYADM mRNA. siRNA1 did not significantly re-
duce MYADM expression and was chosen as a control siRNA 
whereas siRNA2 and siRNA3 knocked down MYADM levels by 
more than 90% and 80%, respectively, at 48 h posttransfection 
(Supplemental Figure S2A). The expression of siRNA2 recapitulated 
the effects on cell spreading and morphology and on velocity and 
directionality during random migration observed in shRNA2-trans-
fected cells (Supplemental Figure S2, B–G). A milder effect on cell 
which are involved in recruiting specific proteins for membrane traf-
ficking or signaling events and in forming membrane compartments, 
such as caveolae (Simons and Ikonen, 1997; Lingwood and Simons, 
2010). The Rho-family guanosine triphosphatase (GTPase) Rac1 is 
distributed in ordered membranes of appropriate microviscosity 
(Ghosh et al., 2002; del Pozo et al., 2004; Vilhardt and van Deurs, 
2004) and regulates spreading and actin-mediated extension of 
lamellipodia, where nascent adhesive structures initiate oriented 
movement (Ridley et al., 2003; del Pozo et al., 2004; Heasman 
and Ridley, 2008). The machinery responsible for making condensed 
membranes competent to recruit Rac1 has remained elusive.
Members of the MAL protein family play a role in raft mem-
branes (Cheong et al., 1999; Puertollano et al., 1999; Magal et al., 
2009). The best documented proteins of this family (MAL, BENE, 
MAL2, and plasmolipin) contain four transmembrane segments ex-
pressed in a restricted range of tissues and are involved in special-
ized membrane-trafficking processes (Puertollano et al., 1999; de 
Marco et al., 2001, 2002; Bosse et al., 2003). Because condensed 
membrane domains are a general feature of the plasma membrane 
of all mammalian cells, we hypothesized that MAL family members 
with ubiquitous expression and plasma membrane distribution 
could be involved in the function of raft membranes for cell migra-
tion. Here we report the functional characterization of the myeloid-
associated differentiation marker (MYADM), a member of the MAL 
family with the unique features of having eight transmembrane re-
gions and a ubiquitous pattern of expression and of being localized 
at the plasma membrane. Using a combination of RNA interference 
and rescue-of-function experimental analysis of condensed do-
mains by Laurdan staining and isolation of detergent-insoluble 
membranes and different functional analyses, we found MYADM to 
be important for the organization of membrane domains crucial for 
appropriate targeting of Rac1 and hence for lamellipodium exten-
sion and cell motility.
RESULTS
MYADM is broadly expressed, partitions into compact 
membranes, and distributes to cell lamellipodia
The tetra-spanning MARVEL (MAL and related proteins for vesicle 
trafficking and membrane link) membrane domain (Sanchez-Pulido 
et al., 2002) is present in 28 human integral proteins grouped 
into different families, including the MAL family (Figure 1A). The 
best documented proteins of the MAL family contain four trans-
membrane segments expressed in a restricted range of tissues and 
are involved in specialized membrane-trafficking processes 
(Puertollano et al., 1999; de Marco et al., 2001, 2002; Bosse 
et al., 2003). The other three members—MYADM, MYADM-like1 
(MYADML1), and MYADM-like2 (MYADML2)—contain additional 
transmembrane segments and form an independent branch. To 
search for MAL-family proteins with ubiquitous expression plasma 
membrane localization and association with ordered membranes, 
we have analyzed the expression and distribution of the three 
MYADM proteins. An initial expression analysis of the MYADM, 
MYADML1, and MYADML2 genes revealed that only MYADM 
expression was detected in all the human cell lines tested (Figure 1B). 
The widespread range of expression of MYADM, which is consistent 
with a previous analysis (Cui et al., 2001), was confirmed by Northern 
blot analysis (Supplemental Figure S1A). Whereas the MYADML1 
and MYADML2 proteins distributed intracellularly (Supplemental 
Figure S1B), as do other members of the MAL family (Puertollano et 
al., 1999; de Marco et al., 2001, 2002; Bosse et al., 2003), MYADM 
localized to the plasma membrane (Figure 1C), where it overlapped 
extensively with F-actin in membrane ruffles. MYADM is the only 
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et al., 2003) undergoing a shift in its peak emission wavelength from 
∼500 nm in fluid membranes to ∼440 nm in ordered membranes 
(Gaus et al., 2006). A normalized ratio of the two emission regions 
given by the general polarization (GP) index, which ranges between 
–1 and 1 provides a relative measure of membrane order. Analysis of 
Laurdan fluorescence under a two-photon confocal microscope has 
revealed that membranes at lamellipodial adhesions are highly or-
dered (Gaus et al., 2006a), consistent with previous findings show-
ing the requirement of membrane rafts in these adhesive complexes 
for correct cell spreading (del Pozo et al., 2004). To analyze the order 
in MYADM-enriched membrane regions, we stained HeLa cells ex-
pressing MYADM-cherry with Laurdan and used the MYADM-cherry 
images to mask the GP images to visualize membrane order only at 
the regions containing MYADM. Using this procedure, we observed 
MYADM-enriched membrane protrusions to be highly ordered 
(Figure 3A). GP images were then used to compare membrane 
morphology was observed in siRNA3-transfected cells (Supple-
mental Figure S2, C and D). Double staining of α-tubulin and F-
actin revealed no major cytoskeletal alterations in siRNA2-trans-
fected cells compared with control cells, although F-actin–enriched 
protrusions appeared to be reduced in extension and instead a 
thick F-actin belt decorated the cell periphery (Supplemental Fig-
ure S2B). Importantly, MYADM silencing in epithelial prostate PC3 
cells reproduced the main findings obtained in HeLa cells (Supple-
mental Figure S2, H–K). In summary, the results in Figure 2 and 
Supplemental Figure S2 indicate that MYADM is necessary for nor-
mal cell spreading and migration.
MYADM regulates membrane condensation
To analyze the role of MYADM on membrane organization, we 
stained the cells with Laurdan. The Laurdan probe penetrates the 
cell membrane and aligns parallel to the phospholipids (Bagatolli 
FIGURE 1: Characterization of the MYADM protein and analysis of its subcellular distribution. (A) Complete 
phylogenetic tree of human MARVEL domain-containing proteins. The sequences of the cytoplasmic amino- and 
carboxyl-terminal tails were not considered in the alignment used to generate the tree. The protein accession numbers 
of the corresponding sequences are indicated in brackets; the nucleotide accession number is indicated in the case of 
MYADML1. The MAL protein family is boxed. (B) RT-PCR analysis of the expression of the MYADM, MYADML1, and 
MYADML2 genes in various human cell lines. (C) Cos-7 cells expressing human MYADM-GFP were stained for F-actin 
and analyzed by confocal microscopy. The enlargement shows the colocalization of MYADM and F-actin in the 
lamellipodia indicated in the boxed area. (D) Left panel: schematic model of the predicted structure of MYADM 
indicating the human peptide used for the generation of mAb2B12. The two lines below the model indicate the two 
MARVEL domains present in the MYADM molecule. Right panel: total membrane fractions from the indicated cell lines 
were subjected to immunoblotting with anti-MYADM mAb 2B12 or anti-caveolin-1 (Cav-1) antibodies. (E) HeLa cells 
were extracted with 1% Triton X-100 at 4ºC and centrifuged to equilibrium in sucrose-density gradients. Aliquots from 
each fraction were immunoblotted for MYADM with 2B12 mAb or for caveolin-1 (Cav-1) and TfR used as markers of the 
DRM and soluble fractions, respectively.
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It is well documented that, in addition to GTP loading, correct 
targeting to the plasma membrane is required for efficient signaling 
of Rac1 (del Pozo et al., 2000). A close connection between Rac1 
function and the presence of Rac1 in raft membranes has been es-
tablished (del Pozo et al., 2004; Vilhardt and van Deurs, 2004). Laur-
dan staining confirmed that Rac1 preferentially localizes to ordered 
membranes with a high GP value (Figure 4A). Consistent with this 
observation, Rac1 was detected in MYADM-enriched DRMs isolated 
from HeLa cells, whereas RhoA or Cdc42 was excluded (Figure 4B). 
order in control MYADM KD cells and cells treated with the choles-
terol-sequestering agent methyl-β-cyclodextrin by quantifying their 
respective GP value. Remarkably, MYADM KD significantly reduced 
the GP value concomitantly with cell rounding to a similar extent to 
the effect observed in cells treated with methyl-β-cyclodextrin 
(Figure 3, B–D). Thus our results indicate that MYADM regulates cell 
membrane condensation and that alteration of membrane conden-
sation either by cholesterol depletion or MYADM silencing had a 
similar effect on cell spreading in HeLa cells (Figures 2C and 3E).
FIGURE 2: MYADM regulates cell spreading and migration. (A) Normal HeLa cells (wt) or HeLa cells stably expressing 
MYADM-GFP were transfected or not with plasmids expressing shRNA1 or shRNA2 for 48 h. Cell extracts were then 
immunoblotted with anti-MYADM 2B12 mAb or anti-caveolin-1 (Cav-1) antibodies. (B–E) Control or MYADM KD cells 
expressing or not MYADM-GFP were plated onto glass coverslips. After 4 h, cells were stained for F-actin (B) and 
analyzed for their spreading area (C) and elliptical factor (D) or used immediately to determine adhesion kinetics by 
measuring the number of cells attached 20, 60, 120, or 240 min after plating (E). Twenty fields for each condition were 
analyzed in (E). (F) Control or MYADM KD cells were subjected to time-lapse videomicroscopy. Filled and unfilled 
arrowheads indicate extension and retraction of cell protrusions, respectively, at the plasma membrane. Numbers 
indicate time in minutes. (G–I) The movement of control or MYADM KD cells stably expressing or not MYADM-GFP was 
recorded by time-lapse videomicroscopy at 15-min intervals in random migration assays. The migration tracks of 
12–16 cells from a representative experiment (G), the migration velocity of cells (H), and the index of directionality 
(ID) (I) are shown. The mean ± SEM from three independent experiments is shown in (C–E, H, and I). 120–150 cells per 
condition were analyzed in each experiment; *p < 0.05; **p < 0.01.
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2004), and are consistent with previous find-
ings showing not only that the state of GTP 
loading contributes to regulate the function 
of Rac1 but that its correct targeting to spe-
cialized raft membranes is also required 
(Michaely et al., 1999; Ghosh et al., 2002; 
del Pozo et al., 2004; Vilhardt and van Deurs, 
2004; Golub and Pico, 2005).
To further investigate the role of MYADM 
in Rac1 function, we performed rescue-of-
function experiments using MYADM KD or 
Rac1 KD cells expressing or not constitu-
tively active Rac1L61 or MYADM-GFP, re-
spectively (Figure 6A). Cell spreading, a 
hallmark of Rac1 function, was taken as the 
output (Figure 6B). As a control, we ob-
served dominant-negative Rac1N17, which, 
similar to Rac1 KD, also reduced cell spread-
ing and did not restore cell spreading in MY-
ADM KD cells. Remarkably, active Rac1L61 
increased cell spreading regardless of 
MYADM expression, whereas MYADM-GFP 
failed to restore the cell-spreading defect of 
the Rac1 KD cells. The effect of Rac1L61 ex-
pression in MYADM KD cells on cell spread-
ing is consistent with previous observations 
indicating that constitutively active Rac1 can 
partially exert its functions without being 
properly targeted to the plasma membrane 
(del Pozo et al., 2000). In conclusion, the re-
sults in Figure 6 suggest that MYADM and 
Rac1 act on parallel pathways that lead to 
similar spreading outcomes.
DISCUSSION
The existence of cellular membrane hetero-
geneity has been widely reported by differ-
ent experimental strategies that measure parameters as varied as 
stiffness (Wang et al., 2001; Roduit et al., 2008), microviscosity 
(Ghosh et al., 2002; Vasanji et al., 2004), or order (Gaus et al., 2006b; 
Jacobson et al., 2007). Mechanisms contributing to plasma mem-
brane organization are however still poorly understood and some-
what controversial. The initial concept of preexisting auto-assem-
bled lipid domains regulating membrane protein function has now 
evolved. Membrane rafts mediating localized signaling from differ-
ent membrane regions are now envisaged as protein-based macro-
molecular assemblies that organize and are dependent on interac-
tions with neighboring membrane lipids, such as cholesterol or 
phosphoinositides (Mayor et al., 2006).
All members of the MAL family characterized so far have a tissue-
restricted pattern of expression and have been involved in raft-me-
diated specialized trafficking. The MAL protein founder of the family 
and its best characterized member appears to organize raft lipids as 
platforms for apical transport of influenza virus hemagglutinin (HA) 
in epithelial cells (Cheong et al., 1999; Puertollano et al., 1999; 
Magal et al., 2009) and Lck transport to the plasma membrane in T 
lymphocytes (Anton et al., 2008). In the absence of MAL expression, 
these cargoes are no longer able to partition into DRMs and travel 
to its destination, whereas exogenous expression of MAL restores 
both cargo trafficking and partitioning (Puertollano et al., 1999; 
Anton et al., 2008). Consistent with a role in the organization of raft 
lipids to generate condensed membranes (Puertollano et al., 1999; 
Remarkably, expression of constitutively active GFP-Rac1L61 in-
creased lamellipodial extensions where MYADM and active Rac1 
colocalized extensively (Figure 4C).
MYADM mediates Rac1 targeting to ordered membranes
To investigate the requirement for MYADM in targeting Rac1 to 
compact membranes, we compared the partitioning of Rac1 into 
DRMs of control and MYADM KD cells (Figure 5, A and B). The ab-
sence of MYADM expression clearly prevented Rac1 from segregat-
ing into DRMs compared with control cells. As a control for the 
specificity of the effect on Rac1, we observed that the partitioning of 
caveolin-1 and glycosylphosphatidylinositol-anchored protein CD59 
was unaltered in MYADM KD cells. Importantly, the presence of 
Rac1 in DRMs was rescued by the expression of exogenous MY-
ADM-GFP in MYADM KD cells (Figure 5, A and B). Paralleling the 
changes observed in the association of Rac1 with DRMs, the even 
distribution of Rac1 at the plasma membrane found in control cells 
changed to a more discrete pattern in MYADM KD cells (Figure 5C). 
Interestingly, the levels of neither active GTP-loaded Rac1 nor RhoA 
nor Cdc42 were significantly altered in MYADM KD cells (Figure 5D), 
indicating that MYADM regulates Rac1 by mediating its targeting to 
condensed membranes without affecting its state of GTP loading. 
These results evoked the effect previously observed for Rac1 activity 
in cells the membrane raft integrity of which was disrupted by cho-
lesterol sequestration with methyl-β-cyclodextrin (del Pozo et al., 
FIGURE 3: MYADM KD reduces membrane condensation. (A) HeLa cells transiently expressing 
MYADM-cherry were stained with Laurdan for 30 min. Cells were then imaged for MYADM-
cherry (middle panel) and for the Laurdan intensity in two channels (400–460 nm and 
470–530 nm). Laurdan intensity images were converted to GP images and pseudocolored using 
the indicated scale (left panel) to represent low-to-high GP values (see scale). The masked GP 
image corresponding to the membrane regions labeled for MYADM-cherry was then obtained 
(right panel). (B–E) Control MYADM KD cells or normal cells the cholesterol content of which 
was reduced by treatment with 10 mM methyl-β-cyclodextrin (mβCD) for 15 min were stained 
with Laurdan. The GP distribution obtained in each case is represented as pseudocolored 
images (B, top panels) or normalized histograms (C). In (C), The x-axis represents GP values, and 
the y-axis shows the percentage of pixels found for each GP value. An enlargement of the 
boxed regions is also shown (B, bottom panels). The GP and spreading area are presented in 
(D) and (E), respectively. The mean ± SEM from three independent experiments is shown (D and 
E). 16–20 images for each condition (16–20 cells per image) were analyzed in three independent 
experiments; *p < 0.05; ***p < 0.001.
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expression of this MAL family member, 
which suggests a possible role of MYADM 
as an organizer of plasma membrane micro-
domains that play general or even house-
keeping rather than specialized roles. In 
addition, MYADM has features such as dis-
playing eight transmembrane segments or-
ganized as a tandem array of two MARVEL 
domains and being preferentially distrib-
uted at plasma membrane lamellipodia sug-
gestive of a role organizing cell surface do-
mains. Using different strategies to silence 
the MYADM gene in combination with the 
use of the membrane fluorescent Laurdan 
probe to measure membrane order, we 
have demonstrated here that MYADM regu-
lates plasma membrane condensation. As a 
consequence, Rac1, which is loosely bound 
to ordered membranes in control cells, be-
comes excluded from those membranes in 
MYADM KD cells, whereas other more 
tightly attached proteins, such as caveolin-1 
and CD59, are retained. Ectopic expression 
of MYADM in MYADM KD cells rescues 
Rac1 clustering into DRMs. Preventing Rac1 
recruitment into DRMs has an effect on cell 
spreading and migration—a general cell 
function that is dependent on membrane 
condensation (Manes et al., 2003) or micro-
viscosity (Ghosh et al., 2002; Vasanji et al., 
2004). We cannot discount the possibility 
that the presence in rafts of proteins other 
than Rac1 might also be affected in MYADM 
KD cells. Nevertheless, based on the rescue 
experiments with constitutively active Rac1, 
we think that our hypothesis that the defi-
cient targeting of Rac1 is a major cause of 
the defects of cell shape and motility ob-
served in MYADM KD cells is a plausible 
one. Our results are consistent with previous 
reports showing that Rac1 is targeted to 
membrane-ordered domains upon adhe-
sion and that integrity of cholesterol-
enriched membranes is essential for Rac1 
localization and cell migration (del Pozo 
et al., 2004; Palazzo et al., 2004). In our ex-
perimental model, pharmacological disrup-
tion of cholesterol membranes recapitulates 
the effect of MYADM knockdown.
On de-adhesion, Rac1 is translocated from surface cholesterol-
enriched domains to an intracellular compartment. This trafficking is 
controlled by actin cholesterol and caveolin-1 (del Pozo et al., 2004, 
2005). By following the glycolipid GM1 as a membrane raft marker, 
it also has been reported that subsequent cell adhesion regulates 
exocist- and Arf6-dependent traffic of membrane rafts from recy-
cling endosomes to the cell surface. This process is in turn essential for 
proper integrin and growth factor signaling (Balasubramanian et al., 
2007, 2010). In contrast, Rac1 activity also requires Arf6- and Rab5-
dependent recycling from endosomes to plasma membrane neces-
sary for cell migration (Radhakrishna et al., 1999; Zhang et al., 1999; 
del Pozo et al., 2004; Palamidessi et al., 2008). Given the parallels 
between membrane rafts and Rac1 dynamics upon adhesion, it can 
Anton et al., 2008), Laurdan staining has shown that MAL clustering 
induces the formation of large domains with specific sorting proper-
ties (Magal et al., 2009). The four membrane-spanning segments of 
MAL constitute the MARVEL domain (Sanchez-Pulido et al., 2002), 
which is thought to play a role in membrane domain organization 
(Magal et al., 2009).
MYADM was identified as a gene the expression of which is up-
regulated during myeloid differentiation (Pettersson et al., 2000). 
Alteration of MYADM expression also has been found in human 
melanoma metastasis samples (de Wit et al., 2005) and during salt 
susceptibility–related hypertension (Yagil et al., 2005). Notwith-
standing that MYADM levels may be modulated in different cell 
contexts, we and others have shown the widespread pattern of 
FIGURE 4: Rac1 colocalizes with MYADM at the plasma membrane and accumulates into 
compact membranes. (A) HeLa cells transiently expressing cherry-Rac1 were stained with 
Laurdan for 30 min. Cells were then imaged for cherry-Rac1 (top right panel) and for the Laurdan 
intensity in two channels (400–460 and 470–530 nm). Laurdan intensity images were converted 
to GP images and pseudocolored using the indicated scale (top left panel). The masked GP 
image corresponding to the membrane regions labeled for cherry-Rac1 was then obtained 
(bottom left panel). An enlargement of the boxed region is shown (bottom right panel). 
(B) HeLa cells were extracted with 0.2% Triton X-100 at 4ºC, and the extracts were centrifuged 
to equilibrium in sucrose density gradients. The different fractions were analyzed for their 
content of the indicated proteins. The DRM fractions are indicated. (C) HeLa cells stably 
expressing MYADM-cherry were transfected with GFP-Rac1L61. After 24 h, cells were stained 
for F-actin and analyzed under a confocal microscope. An enlargement of the boxed region is 
shown. The plot shows the intensity of the staining of GFP-Rac1L61, MYADM-cherry, and F-actin 
along the line indicated by the arrow in the enlarged image.
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calization to membrane compartments such as Rab5 (Palamidessi 
et al., 2008) or caveolin-1 (del Pozo et al., 2005). Like that of 
MYADM, the role of these proteins is to regulate membrane com-
partments required for proper location and function of this GTPase.
MYADM expression is modulated in two processes highly related 
to cell migration, such as haematopoiesis and melanoma metastasis 
(Pettersson et al., 2000; de Wit et al., 2005). MYADM transcripts 
appear reduced in melanoma metastasis samples compared with 
benign nevocellular nevi (de Wit et al., 2005). This observation may 
apparently be inconsistent with a positive role proposed here 
of MYADM regulating Rac-dependent migration. Interestingly, 
melanoma cell lines have been studied as cell models that 
be speculated that Rac1 trafficking from endosome compartments 
to cell surface during cell migration also occurs via ordered domains 
the presence of which in endosomes has been previously estab-
lished (Puertollano et al., 2001; Masuyama et al., 2009; Nada et al., 
2009). Formerly characterized members of the MAL family play cen-
tral roles in specialized trafficking (Puertollano et al., 1999; de Marco 
et al., 2002; Anton et al., 2008) and have been found in this intracel-
lular compartment (Puertollano et al., 2001). Thus it would be inter-
esting to address in the future whether MYADM or other MAL family 
members could also participate in the endosome circuitry necessary 
for spatially restricted Rac1 function. It is of note that no physical link 
has been reported for these other proteins that determine Rac1 lo-
FIGURE 5: MYADM KD inhibits recruitment of Rac1 into compact membranes and alters the distribution of Rac1 at the 
plasma membrane. (A) Control or MYADM KD HeLa cells stably expressing or not MYADM-GFP were extracted with 
0.2% Triton X-100 at 4ºC, and the extracts were centrifuged to equilibrium in sucrose density gradients. The Rac1, 
caveolin-1, CD59, and TfR content of the different fractions was analyzed. (B) The histogram represents the percentage 
of insoluble Rac1 under the different conditions used in (A). (C) Control or MYADM KD cells were stained for 
endogenous Rac1 and F-actin. The insets show an enlargement of the boxed regions of the plasma membrane to 
illustrate the different pattern of distribution of Rac1 at the plasma membrane of control and MYADM KD cells. (D) The 
histograms show the levels of active Cdc42, Rac1, and RhoA in control and MYADM KD cells as determined in pull-down 
assays. The mean ± SEM from three independent experiments is shown in (B and D); ***p < 0.001.
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MATERIALS AND METHODS
Reagents
The rabbit polyclonal antibodies to cave-
olin-1 and the monoclonal antibody 
(mAb)s to RhoA, Rac1, and Cdc42 were 
obtained from BD Biosciences (San Jose, 
CA). Methyl-β-cyclodextrin and the mAb 
to α-tubulin or transferrin receptor (TfR) 
were purchased from Sigma-Aldrich (St. 
Louis, MO) and Zymed Laboratories 
(South San Francisco, CA), respectively. 
The anti-HA antibody 12CA5 and the anti-
CD59 antibody MEM-43/5 were obtained 
from Roche (Indianapolis, IN) and Abcam 
(Cambridge, MA), respectively. Secondary 
goat antibodies coupled to Alexa 488 
tetramethylrhodamine isothiocyanate–la-
beled phalloidin and the fluorescent 
probe Laurdan (6-acyl-2-dimethylaminon-
apthalene) were purchased from Molecu-
lar Probes (Eugene, OR). Secondary anti-
bodies coupled to horseradish peroxidase 
were obtained from Jackson ImmunoRe-
search (West Grove, PA).
Cell culture conditions
Human epithelial HeLa and PC3 cells 
were obtained from the American Type 
Culture Collection and maintained in Pe-
tri dishes in DMEM supplemented with 
5% fetal bovine serum (Sigma-Aldrich), 
penicillin (50 U/ml), and streptomycin 
(50 μg/ml) at 37ºC in an atmosphere of 
5% CO2/95% air.
DNA constructs, siRNA, and transfection conditions
The DNA constructs expressing MYADM tagged with HA, GFP, or 
cherry were generated by PCR using 5′ and 3′ oligonucleotide prim-
ers with the appropriate modifications and MYADM cDNA (IMAGE 
clone 3627858) as the template. The amplified MYADM coding se-
quence was cloned in-frame for the GFP or cherry open reading 
frame using the pEGFP-N1 or pmCherry-N1 plasmids (Clontech, 
Mountain View, CA) in the case of the fluorescent chimeras or in the 
PCR3.1 plasmid (Invitrogen, Carlsbad, CA) in the case of HA-tagged 
MYADM. The DNA constructs expressing GFP-tagged MYADML1 
and MYADML2 were generated by cloning in pEGFP-N1 the DNA 
fragments obtained by PCR using 5′ and 3′ oligonucleotide-specific 
primers with the appropriate modifications and MYADML1 cDNA 
(IMAGE clone 5297847) or MYADML2 cDNA (IMAGE clone 5172276) 
as template, respectively. The DNA constructs in pEGFP-C1 or pm-
Cherry-C1 for expression of GFP fused to the amino terminus of Rac1 
Rac1L61 or Rac1N17 and the DNA constructs for expression of the 
Rho GTPase-binding domain of PAK1 (GST-PBD) or Rhotekin 
(GST-RBD) fused to GST were generous gifts from A. Ridley (King’s 
College, London, UK). The 5′-ATGCCAGTGACGGTAACCCGC-3′ 
and 5′-GGTGCTGAGCTCACATCCA-3′ sequences, which target the 
AUG translation initiation site and immediately downstream se-
quences and the 3′ untranslated region of MYADM mRNA, respec-
tively, separated by a short spacer (5′-TTCAAGAGA-3′) from their 
reverse complement were cloned under the control of the H1-RNA 
promoter in the pSuper DNA vector (Brummelkamp et al., 2002), 
thereby generating the shRNA1 and shRNA2 expression constructs. 
spontaneously adopt two distinct modes of movement during mi-
gration in three-dimensional extracellular matrices (Sanz-Moreno 
et al., 2008, 2010). The one called amoeboid or rounded move-
ment is driven by high Rho activity and actomyosin contractility. 
This mode allows cells to squeeze forward through gaps present in 
the extracellular matrix in the absence of proteolytic activity. The 
alternative manner of tumor migration called mesenchymal or 
elongated is driven by extension of Rac-dependent lamellipodia 
and requires proteolytic processing of the extracellular matrix to 
allow cell movement across wider gaps. Both modes of three-di-
mensional migration are interconvertible; when Rac activity is kept 
low, cells switch to rounded migratory mode, which may confer 
additional plasticity to melanoma cells (Sanz-Moreno et al., 2010). 
In vivo comparative analysis of both modes of movement strongly 
suggests that amoeboid movement with low Rac activity favors 
invasion and metastasis of these cells (Sanz-Moreno et al., 2008). 
This observation is consistent with human melanoma metastasis 
samples containing cells with low levels of MYADM favoring inva-
sive amoeboid movement and opens an attractive and unexplored 
possibility to MYADM playing a role in cell migration in a patho-
logical context, such as cancer invasion.
In summary, unlike the previously characterized MAL members, 
MYADM is present at the plasma membrane and widely expressed, 
suggestive of a general raft-dependent role at the cell surface. Our 
results show that MYADM is necessary for correct membrane struc-
ture and appropriate targeting of Rac1 to specialized membrane 
rafts and subsequently for cell spreading and migration.
FIGURE 6: Rescue-of-function experiments in MYADM KD or Rac1 KD cells. (A) Normal HeLa 
cells or HeLa cells stably expressing MYADM-GFP were transfected with control siRNA or siRNA 
targeted to Rac1 and processed for immunoblotting for Rac1, MYADM-GFP, and α-tubulin, 
which was used as a loading control. (B) Control MYADM KD or Rac1 KD cells were transfected 
with Rac1L61 or Rac1N17 or with MYADM-GFP, respectively, as indicated. Cells were then fixed, 
and their spreading area was determined 24 h later. The mean ± SEM is represented (left panel). 
Representative images of cells stained for F-actin of MYADM KD or Rac1 KD cells transfected or 
not with GFP-Rac1L61 or MYADM-GFP, respectively, are shown (right panel). At least three 
independent experiments were performed. 100–120 cells for each condition were analyzed; 
***p < 0.001.
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Transfection of HeLa cells with plasmid DNA was performed by 
electroporation using an Electro Cell Manipulator 600 electropora-
tion instrument (BTX, San Diego, CA). More than 90% of HeLa cells 
were transfected. To select stable transfectants, cells were treated 
with 0.5 mg/ml G-418 sulfate (Roche) for at least 4 wk after transfec-
tion. Cell clones were screened by immunoblot analysis. The clones 
that proved to be positive were maintained in drug-free medium. The 
siRNA duplexes 5′-ATCACTGGCTATATGGCC-3′ (siRNA1), 5′-GGT-
GCTGAGCTCACATCCA-3′ (siRNA2), and 5′-GGTCTAAGACTCTC-
CCAAG-3′ (siRNA3) targeted to MYADM mRNA and 5′-AGACG-
GAGCUGUAGGUAAAUU-3′ targeted to Rac1 mRNA were purchased 
from Dharmacon (Chicago, IL). The sequences of all the siRNAs used 
were subjected to a Basic Local Alignment Search Tool (BLAST) search 
to ensure targeting specificity. siRNA was introduced into HeLa or 
PC3 cells using oligofectamine 2000 (Invitrogen).
Generation of mAbs to the MYADM protein
The peptide FDEKYGCQPRRSRDVSC corresponding to amino acids 
263–279 of human MYADM was coupled to keyhole limpet hemo-
cyanin (Thermo Fisher Scientific, Rockford, IL). Spleen cells from mice 
immunized with the peptide were fused to myeloma cells and plated 
onto microtiter plates. The hybridoma clone 2B12, which produces 
antibodies that recognize MYADM in membrane extracts from Cos-7 
cells transiently expressing HA-tagged MYADM, was selected.
Laurdan staining
Labeling of live cells with the fluorescent probe Laurdan (5 μM) mi-
croscope calibration and two-photon microscopy were performed 
as described (Gaus et al., 2003) using an LSM 710 NLO Multiphoton 
coupled to an AxioObserver inverted microscope (Carl Zeiss, Jena, 
Germany) with a 63× water objective NA 1.3. In brief, Laurdan was 
excited at 800 nm, and emission intensities were recorded simulta-
neously in the 400–460 nm and 470–530 nm ranges. Intensity im-
ages were converted into a GP index defined as I(400–460) – I(470–
530) / I(400–460) + I(I(470–530), where I is the emission intensity as 
previously described (Gaus et al., 2003). Images of a standard solu-
tion of 5 μM Laurdan in dimethyl sulfoxide at room temperature 
(22ºC) were acquired to obtain the G factor as described (Gaus 
et al., 2006b). The G factor was then used to correct the experimen-
tal GP values. GP values range from –1 (fluid domains) to +1 (highly 
ordered domains); membranes with GP values >0.3 are considered 
to be ordered membrane domains. The GP distributions and mean 
GP values were obtained from GP images normalized and repre-
sented using GraphPad Prism Software (San Diego, CA).
Confocal microscopy
Cells were fixed in 4% paraformaldehyde for 15 min, rinsed, and 
treated with 10 mM glycine for 5 min. The cells were then per-
meabilized with 0.2% Triton X-100, rinsed, and incubated with 3% 
bovine serum albumin in phosphate-buffered saline (PBS) for 
15 min. Cells were incubated for 1 h with the indicated primary 
antibodies, rinsed several times, and incubated for 1 h with the 
appropriate Alexa 488–labeled secondary antibodies or with fluo-
rescent phalloidin. Controls to assess labeling specificity included 
incubations with control primary antibodies or omission of the pri-
mary antibodies. Confocal fluorescence micrographs were taken 
using a Carl Zeiss LSM 510 microscope equipped with a 63× oil 
objective NA 1.3. Images were exported in TIFF format, and their 
brightness and contrast were optimized with Adobe Photoshop.
Random migration assays
Cells were plated onto fibronectin-coated coverslips and then im-
mediately placed on the stage of a Carl Zeiss Axiovert 200 micro-
scope equipped with a heated stage and CO2 circulator to main-
tain cells at 37°C and 5% CO2. Time-lapse analysis was performed 
at 15-min intervals for 17.5 h. Cell trajectories were manually 
tracked and analyzed from recorded images using MetaMorph 
6.2r6 (Molecular Devices, Downingtown, PA) and ImageJ 1.43m 
software (http://rsb.info.nih.gov/ij). Briefly, the centroid of each 
cell was followed to calculate the index of directionality and veloc-
ity of individual cells correcting trajectories of overlapping cells 
during their movement and ruling out dividing cells from the anal-
ysis. We obtained similar results with both programs. Plots of di-
rectionality and the quantitative analysis of the elliptical factor and 
the area of the cells were obtained using in-house plug-ins for the 
ImageJ program.
RT-PCR and Northern blot analyses
The expression of MYADM, MYADML1, and MYADML2 in different 
cell lines was analyzed by RT-PCR using the Titan One-Tube kit 
(Roche) and 5′ and 3′ oligonucleotide primer pairs specific to each 
mRNA species. For Northern blot analysis, 20 μg of total RNA was 
hybridized under standard conditions to 32P-labeled MYADM and 
β-actin cDNA probes.
DRM isolation
HeLa cells grown to confluence in 100-mm dishes were rinsed with 
PBS and lysed for 20 min in 1 ml of 25 mM Tris-HCl, pH 7.5; 150 mM 
NaCl, 5 mM EDTA, and 0.2% or 1% Triton X-100 as indicated at 4ºC. 
The insoluble membrane fraction was isolated by centrifugation to 
equilibrium in a sucrose density gradient in a swinging bucket SW40 
rotor (Beckman Coulter, Brea, CA) at 39,000 rpm (188,000 × g) for 
20 h (Brown and Rose, 1992). Twelve 1-ml fractions were harvested 
from the bottom to the top of the centrifuge tube, and equivalent 
aliquots were subjected to immunoblot analysis with the appropri-
ate antibodies.
Pull-down assays
HeLa cells were lysed in 50 mM Tris-HCl, pH 7.4; 1 mM MgCl2; 
2 mM EDTA; 300 mM NaCl; 0.5% Nonidet P-40; and 10% glyc-
erol containing a cocktail of protease inhibitors. Recombinant 
GST, GST-PBD, or GST-RBD proteins (10 μg) immobilized on 
GSH-Sepharose beads (GE Life Sciences, Piscataway, NJ) were 
incubated with the lysates for 1 h at 4ºC in lysis buffer contain-
ing 10 mM MgCl2. The beads were washed three times in inter-
action buffer, and bound proteins were analyzed by immunob-
lotting with anti-RhoA-Rac1 or -Cdc42 mAbs.
Bioinformatics analysis
Protein information was retrieved from Universal Protein Resource 
(UniProt; http://www.expasy.uniprot.org) using the Batch Retrieval 
function available at the Protein Information Resource Web site 
(http://pir.georgetown.edu). Protein sequences were aligned, and 
the resulting phylogenetic tree of MARVEL domain-containing pro-
teins was derived using JALVIEW (University of Dundee, UK).
Statistical analysis
Quantitative data are expressed as the mean ± SEM. A paired Stu-
dent’s t test was used to establish the statistical significance of differ-
ences between the means.
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Abstract
Background: Endothelial cell-cell junctions maintain endothelial integrity and regulate vascular morphogenesis and
homeostasis. Cell-cell junctions are usually depicted with a linear morphology along the boundaries between
adjacent cells and in contact with cortical F-actin. However, in the endothelium, cell-cell junctions are highly
dynamic and morphologically heterogeneous.
Results: We report that endothelial cell-cell junctions can attach to the ends of stress fibres instead of to cortical F-
actin, forming structures that we name discontinuous adherens junctions (AJ). Discontinuous AJ are highly dynamic
and are increased in response to tumour necrosis factor (TNF)-a, correlating with the appearance of stress fibres.
We show that vascular endothelial (VE)-cadherin/b-catenin/a-catenin complexes in discontinuous AJ are linked to
stress fibres. Moreover, discontinuous AJ connect stress fibres from adjacent cells independently of focal adhesions,
of which there are very few in confluent endothelial cells, even in TNF-a-stimulated cells. RNAi-mediated
knockdown of VE-cadherin, but not zonula occludens-1, reduces the linkage of stress fibres to cell-cell junctions,
increases focal adhesions, and dramatically alters the distribution of these actin cables in confluent endothelial
cells.
Conclusions: Our results indicate that stress fibres from neighbouring cells are physically connected through
discontinuous AJ, and that stress fibres can be stabilized by AJ-associated multi-protein complexes distinct from
focal adhesions.
Background
Endothelial cell-cell junctions maintain endothelial integ-
rity and regulate vascular morphogenesis. A major role
of the vascular endothelium is to control the movement
of small solutes and leukocytes in and out of the blood-
stream. Endothelial junctions consist of several different
multi-protein complexes, whose relative abundance and
roles in regulating permeability and leukocyte diapedesis
depend on the endothelial cell type. Endothelial adherens
junctions (AJ) and tight junctions (TJ) are the main regu-
lators of paracellular permeability in the endothelium.
Some junctional proteins unique to endothelial cells,
including PECAM-1, ICAM-2 and S-endo I, also contri-
bute to endothelial barrier function [1]. In endothelial AJ,
the transmembrane vascular endothelial (VE)-cadherin
binds the cytoplasmic proteins b-catenin and p120-
catenin. b-catenin also binds a-catenin, which could link
the AJ complex to actin filaments [2]. However, the
established model of a direct link between cortical actin
filaments (F-actin) and a-catenin in AJ in epithelial cells
has been questioned by data demonstrating that the bind-
ing of a-catenin to b-catenin or F-actin is mutually
exclusive, and suggesting that a-catenin stabilizes AJ by
regulating actin polymerization instead of by linking F-
actin to AJ [3,4].
Endothelial cell-cell junctions are regulated by a vari-
ety of extracellular stimuli, which often act by inducing
reorganization of the actin cytoskeleton. For example,
Rho guanosine triphosphate (GTPases) and their targets,
the rho serine/threonine kinases (ROCKs), stimulate
actomyosin-based contractility, generating stress fibres
and focal adhesion (FA) and thereby contribute to the
rapid increase in endothelial permeability in response to
thrombin and histamine [5-8]. Stress fibres generated in
response to these stimuli also reorganize junctional
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complexes [9-11]. Pro-inflammatory stimuli such as
tumour necrosis factor (TNF)-a also induce long-term
changes to endothelial cell-cell junctions, actin stress
fibre reorganization and an increase in permeability
[12,13].
Cell-cell junctions are usually depicted with a linear
morphology along the boundaries between adjacent cells
and in contact with cortical F-actin. Here we describe
the distinct properties of endothelial cell-cell junctions
that localize at the ends of stress fibres that we name
discontinuous AJ. These structures are distinct from
focal adhesions, which are found at the ends of stress
fibres in subconfluent endothelial cells. In response to
TNF-a, association of stress fibres with discontinuous
AJ, but not focal adhesions, is increased, suggesting that
AJ may play a role stabilizing stress fibres in confluent
endothelial cells.
Results
Composition and dynamics of discontinuous AJ
Analysis of cell-cell junction distribution in human
umbilical vein endothelial cells (HUVECs) revealed that,
as well as localizing linearly along cell-cell borders simi-
lar to junctions in epithelial cells (Figure 1A, arrow-
head), in some areas junctional proteins were
distributed in multiple short linear structures that were
almost orthogonal to cell-cell borders (Figure 1A,
arrows) [14]. AJ components such as VE-cadherin, a-
catenin, b-catenin or plakoglobin, TJ components such
as zonula occludens-1 (ZO-1) and other junctional pro-
teins, such as JAM-A or CD99 (not shown), appeared in
these short linear structures that were often clustered in
regions along cell-cell borders (Figure 1A). In some
cases, these structures branched off linear junctional
regions (Figure 1A, arrows). We call these structures
discontinuous junctions, because the linear distribution
along cell-cell borders is broken in these areas. In order
to analyse the dynamics of discontinuous junctions, cells
transiently expressing the AJ component p120-catenin
tagged either with green fluorescent protein (p120-GFP)
or red fluorescent protein (p120-dsRed) were mixed and
analysed by time-lapse fluorescence microscopy
(Figure 1B, Additional File 1). Endothelial AJ were
highly dynamic and reorganized continually. Discontinu-
ous junction linear structures orthogonal to the cell-cell
border appeared and disappeared rapidly, often within a
few minutes (Figure 1B. arrows, Additional File 1). Dis-
continuous junctions were generally formed from both
adjacent cells, with an extension from one cell overlay-
ing the structure within the neighbouring cell (Figure
1B, arrows, Additional File 1). Their appearance usually
coincided with retraction of one cell border with respect
to the other, leaving a finger-like protrusion and their
disappearance occurred when one cell border extended
back over the protrusion area. These results indicate
that dynamic behaviour of endothelial cell-cell borders
is responsible for the formation of discontinuous AJ
structures.
Discontinuous AJ are associated with stress fibres at cell-
cell borders
Cell-cell junctions are regulated by cortical F-actin [5].
In discontinuous AJ, VE-cadherin was found to align
with the ends of stress fibres, some of which traversed
the cell body form one side to the other. Stress fibres in
one cell were often connected to stress fibres of adjacent
cells through discontinuous AJ (Figure 2A, arrows) and
discontinuous AJ structures clustered in regions where
stress fibres coalesced to form stellate arrangements
(Figure 2A, arrowheads). Analysis of adjacent cells
where one cell expressed actin-Cherry and the other did
not confirmed that discontinuous AJ can connect stress
fibres between neighbouring cells (Figure 2B, arrow-
heads), suggesting that AJ complexes anchor stress
fibres at endothelial cell-cell borders.
Electron microscopy analysis of endothelial cell-cell
borders confirmed the connection of F-actin bundles
(Figure 3A, arrows), distinct from subcortical F-actin,
from neighbouring cells through electron-dense junc-
tional structures (Fig. 3A, arrowheads). The shape of the
intercellular junctional perimeter in relation to such
cables was suggestive of tension exerted by these fibres
on the connected junctions (Figure 3A, inset). In con-
trast, linear junctional regions showed no associated
actin cables (Figure 3B).
Discontinuous AJ are associated with the end of stress
fibres independently of focal adhesions (FA)
In most cultured cells, stress fibres are linked to FA, where
integrins cluster [15]. Pro-inflammatory stimuli such as
TNF-a or IL-1b induce actin stress fibres, cell elongation
and contractility in endothelial cells [12] (Figure 4A). We
therefore hypothesized that pro-inflammatory stimuli
would alter the relative levels of discontinuous AJ.
Endothelial cells were grown at confluency for 3 days and
stimulated with TNF-a for 20 h. TNF-a induced cell elon-
gation and an increase in stress fibres that were aligned
parallel with the elongated axis of the cells, as previously
described [13]. These stress fibres often appeared attached
to discontinuous AJ, which were also increased in
response to TNF-a (Figures 4, 5 and 6A). In these regions,
stress fibres were frequently aligned in neighbouring cells
(Figure 4B and 5A, boxed area). The TNF-a mediated
induction of stress fibres (Figure 4A) was accompanied by
an overall increase of F-actin detected by quantitation of
phalloidin staining (Figure 6B). However, these stress
fibres were rarely attached to FA as identified by localiza-
tion of paxillin, a FA protein [16] (Figure 4A) and TNF-a
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did not induce a significant increase in the number of FA
(Figure 6C). In contrast, stress fibres in sub-confluent cells
were found attached to FA, which were far more abundant
in sub-confluent compared to confluent cells (Figure 4A
and 6C), even though the F-actin content and stress fibre
levels of confluent and subconfluent HUVECs was com-
parable (Figures 4A and 6B), and even higher in response
to TNF-a at confluence. This is in clear contrast to pre-
viously described responses to acute inflammatory stimuli,
such as thrombin, which induce the formation of FAs con-
comitant with an increase in stress fibres (data not shown
and [7,17-19]). Interestingly, TNF-a did not stimulate any
detectable change in F-actin in subconfluent cells (Figure
6B). Finally, discontinuous AJ attached to stress fibres
were not found associated with FA, since they did not co-
localize with the FA components phospho(pY118)-paxillin
(Figure 4B), talin or phospho(Y397)-focal adhesion kinase
(FAK) (Figure 5), indicating that FA and discontinuous AJ
are separate structures that anchor stress fibres in different
areas of the endothelial monolayer [16].
In order to analyse in more detail the difference in
stress fibre attachment sites between cells with and
without cell-cell adhesions, we compared cells at the
edge of scratch wounds with cells far from the scratch.
Cells situated at the border of the wound had numerous
stress fibres linked to FAs, whereas cells situated in the
Figure 1 Composition of discontinuous adherens junction (AJ). (A) Human umbilical vein endothelial cells (HUVECs) were grown at
confluency for 72 h in EGM-2 growth medium, fixed, permeabilized and stained with antibodies to the indicated junctional proteins. Top right
panels show single staining of the merged image on the left. Arrows indicate discontinuous cell-cell junctions; arrowhead, linear cell-cell
junctions. (B) HUVECs were nucleofected with plasmids coding for p120-catenin-green fluorescent protein (p120-GFP) or p120-catenin-red
fluorescent protein (p120-dsRed), cells from the two transfections were mixed and plated at confluence for 24 h in growth medium. Cell images
were acquired by fluorescence time-lapse microscopy, 1 frame/min. Representative images are shown. Arrows show discontinuous AJ.
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confluent region of the same monolayer had far fewer
FA although stress fibre levels and F-actin were compar-
able (Figure 7; quantitation in Figure 8). Moreover,
some stress fibres in cells at the scratch wound edge
appeared connected to FA at one side and discontinu-
ous junctions at the other (Figure 7, arrowheads) Alto-
gether, these data suggest that discontinuous AJ can
anchor the ends of stress fibres independently of FA in
confluent endothelial cells.
Stress fibre tension mediates formation of discontinuous
junctions
Our data indicate that discontinuous AJ form due to
dynamic movements of cell-cell borders of adjacent
endothelial cells and that they are linked to stress fibres.
To investigate whether stress fibres directly affect the for-
mation of discontinuous AJ, cells were treated with the
ROCK inhibitor Y-27632, which significantly reduced
stress fibres in TNF-a-stimulated HUVECs (Figure 9). Y-
27632 reduced the number of discontinuous AJ, although
the overall level of junctional VE-cadherin did not appear
to be affected and instead the majority of AJ proteins had
a linear distribution along cell-cell borders. This indicates
that discontinuous AJ are formed as a consequence of
stress fibre-induced tension acting on cell-cell junctions.
Strikingly, ROCK inhibition did not prevent the perme-
ability increase caused by TNF-a, indicating that this
cytokine induces long-term changes in endothelial junc-
tional composition that regulate permeability, indepen-
dent of stress fibre assembly (data not shown and [13]).
AJs are necessary for stress fibre attachment to cell-cell
junctions
In order to determine the contributions of cell-cell junc-
tional components to stress fibre attachment to the
junctions, VE-cadherin and ZO-1, components of AJ
and TJ, respectively, were knocked down with short
interfering RNAs (Figure 10A). VE-cadherin depletion
did not completely inhibit the association of b-catenin
with cell-cell borders, probably reflecting an association
Figure 2 Discontinuous adherens junction (AJ) anchor stress fibres at cell borders. (A) Confluent human umbilical vein endothelial cells
(HUVECs) in EGM-2 growth medium were stained for actin filaments (F-actin; TRITC-phalloidin) and vascular endothelial (VE)-cadherin. Bottom
panels are enlargements of red boxed areas from top panel that are enriched in discontinuous AJ. (B) HUVECs were nucleofected with a plasmid
encoding actin-cherry and plated at confluence for 24 h to 48 h in growth medium. Cells were fixed and stained for VE-cadherin or F-actin.
Arrowheads indicate discontinuous AJ.
Millán et al. BMC Biology 2010, 8:11
http://www.biomedcentral.com/1741-7007/8/11
Page 4 of 13
of b-catenin with other cadherins or other junctional
components such as PECAM-1 [20,21]. However, this
remaining b-catenin no longer showed any localization
to discontinuous structures in TNF-a-stimulated cells
(Figure 10B and 10D). VE-cadherin depletion did not
alter the overall F-actin content (Figure 10D) but altered
the distribution of F-actin filaments: there was a
decrease in parallel bundles of stress fibres attached to
the junctions and, instead, stress fibres were often
oriented in multiple directions and many terminated in
FAs (Figure 10C). Cortical F-actin increased and cells
no longer had an elongated shape (Figure 10B). In con-
trast, knockdown of ZO-1 did not significantly affect the
distribution of AJ and actin stress fibres or cell elonga-
tion, suggesting that TJ are not so important for the
maintenance of these structures.
Discussion
We show here that confluent HUVECs contain signifi-
cantly less FA than subconfluent cells, even after stimu-
lation with TNF-a which induces a large increase in
stress fibres and overall F-actin content in confluent
cells. Stress fibre formation is due to actomyosin con-
tractility which requires them to be attached somewhere
at both ends. Here we demonstrate that stress fibres are
attached to VE-cadherin-mediated junctional complexes,
although it is likely that some other junctional proteins
are also linked to endothelial stress fibres, such as junc-
tional adhesion molecule (JAM)-A or ZO-2-associated
tight junctions. VE-cadherin engagement in confluent
endothelial cells has been shown to reduce FA by mod-
ulating cell tension and spreading via RhoA [22]. In
accordance with this, VE-cadherin reduction by small
interfering RNA (siRNA) significantly increased FA in
confluent cells, although it did not alter the F-actin con-
tent. These results explain previous observations on the
distribution of tyrosine phosphorylated proteins in
endothelial cells which, in subconfluent cells, localized
predominantly in a FA-like pattern whereas in confluent
cells they were mostly at intercellular borders [23]. The
dynamic inter-conversion between linear and discontin-
uous AJ suggests that there could be a rapid tension-
regulated switch of AJ proteins, which may be linked
either to F-actin structures that protect the endothelial
barrier, such as cortical F-actin [24], or to stress fibres.
This link might be regulated, for example, by tension-
induced unfolding of a linker protein in AJ, as has been
postulated for p130Cas in FA [25].
Interestingly, cadherin complexes have been reported
to associate with F-actin similar to stress fibres in trans-
formed epithelial cells and endothelial cells undergoing
remodelling (for example in response to wound healing
or acute pro-inflammatory stimuli) [9-11,26]. In epithe-
lial cells, E-cadherin has also been shown not to associ-
ate with F-actin via a-catenin. It has been proposed that
there is no direct association between AJ and the corti-
cal F-actin [4], although it remains possible that another
AJ protein can connect AJ to cortical F-actin. Here,
based on the specific distribution of discontinuous AJ,
together with an analysis of the dynamics of the AJ
component p120-catenin and F-actin and the effect of
VE-cadherin depletion on stress fibres, we propose that
endothelial discontinuous AJ formed by complexes of
VE-cadherin, a-catenin, b-catenin and p120-catenin, can
be physically linked to actin stress fibres. It is possible
that a tension-regulated AJ protein links AJ to stress
fibres only under tension but not in resting conditions
where linear endothelial AJ are more similar to epithelial
Figure 3 Electron microscopy analysis of endothelial cell-cell borders. Confluent human umbilical vein endothelial cells (HUVECs) either (B)
unstimulated or (A) tumour necrosis factor-a-stimulated for 18 h were fixed and processed for electron microscopy. Arrows denote actin
filament bundles, whilst arrowheads indicate position of electron-dense junctional structures. Inset: cartoon of panel A illustrating placement of
stress fibres with respect to junctional contacts, confirming a connection between junctions and actin filaments, which is not observed at linear
junctions (B).
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AJ and co-localize with cortical F-actin [26]. In agree-
ment with this, stimuli that enhance endothelial barrier
properties, such as cyclic adenosine monophosphate,
increase the cortical F-actin belt but decrease stress
fibres [27]. Taken together, our results and those of
others indicate that, both in endothelial and epithelial
cells, the association of F-actins such as stress fibres
with AJ is regulated and not constitutive. This regulated
association would, for example, facilitate cell-cell junc-
tion remodelling during wound healing or in response
to inflammatory stimuli.
Another role of endothelial stress fibres during inflam-
mation is likely to be the regulation of leucocyte trans-
migration. Adhesion receptors involved in leucocyte
adhesion, such as ICAM-1 or VCAM-1 and transmigra-
tion, align with stress fibres in response to engagement
[28,29]. ICAM-1 engagement increases RhoA activity
and stress fibres [28] as well as regulating phosphoryla-
tion of VE-cadherin [30,31]. ICAM-1 and VCAM-1
crosslinking alter the integrity of VE-cadherin cell con-
tacts [31,32]. In the light of these previous results, our
data suggest that stress fibres are connectors from
Figure 4 Effect of tumour necrosis factor (TNF)-a and confluence on discontinuous adherens junction (AJ), stress fibres and focal
adhesions. (A) Effect of TNF-a on actin filament, b-catenin and paxillin distribution. Confluent human umbilical vein endothelial cells (HUVECs)
were starved for 4 h and then, as indicated, stimulated with 10 ng/ml TNF-a for 20 h. In parallel, subconfluent HUVECs were also starved and
stimulated with TNF-a. Cells were fixed and distribution of F-actin, b-catenin and paxillin was analyzed by immunofluorescence. Bottom panels
show the red boxed areas indicated in merged images at higher magnification. (B) Distribution of F-actin, VE-cadherin and phospho-Y(118)-
paxillin in TNF-a-stimulated confluent HUVECs. Arrowheads indicate discontinuous AJ, whereas arrows indicate focal adhesions detected by
phospho-paxillin staining.
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apically localized receptors to cell-cell junctions, which
may contribute to leukocyte transmigration during
inflammation. Stress fibres thus not only regulate
endothelial permeability to small solutes, but may also
help to withstand the mechanical stress generated by
leukocyte transmigration under shear stress. We propose
that the linkage of stress fibres between neighbouring
cells via discontinuous AJ contributes to increase stress
resistance and to regulate the whole endothelial mono-
layer response to inflammation.
Conclusions
The current model for cell-cell junctional organization is
largely inspired by studies in epithelium. In epithelial
cells AJ and TJ are separately organized and associated
with cortical actin, although recently it has been pro-
posed that AJ are not directly linked to cortical actin
[4]. The endothelium requires more dynamic and het-
erogeneous cell junctions in order to coordinate fast and
local permeability increases to small molecules and cells
from the bloodstream. Here we have shown that the
ends of actin stress fibres, key actors in leukocyte trans-
migration and paracellular permeability regulation, are
associated with cell-cell junctions. Cell-cell junctions
can even connect stress fibres from neighbouring cells.
Finally, we provide clear evidence that AJ are supra-
molecular protein complexes distinct to FAs able to sta-
bilize stress fibres in confluent endothelial cells. Our
results clearly show a distinct organization of endothelial
F-actin at confluence which is likely to be relevant dur-
ing permeability changes and leukocyte transendothelial
migration and for endothelial inflammatory migration
and angiogenesis.
Methods
Antibodies
Mouse monoclonal anti-VE-cadherin blocking antibody
was obtained from BD Pharmingen (CA, USA; Cat.
555661). Anti-VE-cadherin (Cat. 610252), anti-a-cate-
nin, anti p120-catenin, anti-FAK, anti-phospho-Y397-
FAK and anti-paxillin (610051) mouse monoclonal anti-
bodies were obtained from BD Transduction Labora-
tories (NJ, USA). Anti-b-catenin (C-2206) rabbit
polyclonal and anti-talin (T-3287) mouse monoclonal
antibodies were obtained from Sigma (Melbourne, Aus-
tralia). Anti-a-catenin rabbit polyclonal antibody was
obtained from Santa Cruz (CA, USA). Anti-g-catenin
mouse monoclonal antibody, anti-ZO-1 and anti-JAM-A
rabbit polyclonal antibodies were obtained from Zymed
(CA, USA). Anti-pY118-paxillin phospho-specific anti-
body (44-722) was obtained from Biosource (Nivelles,
Belgium).
Figure 5 Discontinuous adherens junctions are distinct from focal adhesions. Confluent human umbilical vein endothelial cells were
stimulated with 10 ng/ml tumour necrosis factor-a as in Figure 4. Cells were fixed and stained with TRITC-phalloidin, in order to detect actin
filaments, with antibodies to b-catenin, phosphorylated FAK (p(Y397)FAK) (A) or TRITC-phalloidin and antibodies to detect talin and b-catenin (B).
Bottom panels in (A) show the red-boxed area from the top panels (merge) at higher magnification.
Millán et al. BMC Biology 2010, 8:11
http://www.biomedcentral.com/1741-7007/8/11
Page 7 of 13
Cell culture and transfection
HUVECs were obtained from Lonza (Wokingham, UK).
They were cultured in Nunclon flasks pre-coated with 10
μg/ml human fibronectin in endothelial basal medium
(EBM-2; (Lonza, MD, USA) supplemented with 2% fetal
bovine serum (FBS), endothelial cell growth supplement
EGM-2 (Lonza) (growth medium) in an atmosphere of 5%
CO2/95% air. When experiments were performed in star-
ving conditions, confluent HUVECs were starved in EBM-
2 medium supplemented with 1% fetal calf serum (starva-
tion medium) prior to stimulation with 10 ng ml-1 TNFa.
No major differences in FA content were detected in cells
stimulated in growth medium or starving medium.
HUVECs were transiently transfected with 1-5 μg
plasmid DNA/106 cells with a Nucleofector kit (VPB-
1002) (Amaxa Biosystems, Cologne, Germany) according
to the manufacturer’s instructions, and used for experi-
ments 24 h to 72 h after transfection. For experiments
with cells expressing different fluorescently-tagged pro-
teins in the same monolayer, 3 × 106 cells were trans-
fected with each plasmid, pooled together, plated on
two glass-bottom 35-mm dishes (MatTek Corporation,
MA, USA) or two glass coverslips previously coated
with fibronectin for 15 h and analysed 24 to 48 h after
transfection. Since nucleofection can induce significant
cell death, once transfected cells were plated, untrans-
fected cells were sometimes added in order to provide
sufficient cells to form of a confluent monolayer.
For siRNA transfection, a protocol derived from a
modification of our previous method [29] was used for
delivery of siRNA with high efficiency into primary
endothelial cells. HUVECs were plated at sub-conflu-
ence (105 cells on each well of a six-well dish) in EBM-2
medium with no antibiotics. The following day cells
were transfected by mixing 4 μl of oligofectamine with
siRNA to a final concentration of 100 nM. Twenty-four
hours after transfection cells were trypsinized and plated
at confluence onto different dishes in order to perform
parallel assays such as immunofluorescence and western
blotting. Assays were performed 72 h after transfection.
Plasmids and siRNAs
In order to construct the p120-DsRed plasmid, p-EGFP-
120ctn- (generous gift from Keith Burridge) and dsRed
vector from Clontech (CA, USA) were sequentially
digested with AgeI and NotI enzymes and, then, the p120
vector without the GFP and the DsRed were ligated using
the Ligase enzyme (New England Biolabs, Massachusetts,
USA). b-Actin-GFP was a generous gift from Dr Beat
Imhof. b-actin-Cherry was a generous gift from
Ke Hu and Dr Ann Wheeler. The following siRNA oligo-
nucleotides were obtained from the predesigned siGen-
ome collection of Dharmacon (IL, USA). D-003641-01
(VE-cadherin), D-007746-01 (ZO-1). D-001210-01
Figure 6 Quantitation of the effect of tumour necrosis factor
(TNF)-a on discontinuous adherens factor, stress fibres and
focal adhesions (FAs) in confluent and subconfluent human
umbilical vein endothelial cells (HUVECs). (A) Quantitation of
discontinuous junctions per cell with or without TNF-a stimulation.
(B) Quantitation of actin filament staining from confocal images
between confluent and subconfluent HUVECs with and without
TNF-a stimulation as in Figure 4. (C) Quantitation of FA-like paxillin
clusters in confluent and subconfluent HUVECs with and without
TNF-a stimulation. Error bars indicate standard error of mean; n ≥ 3
experiments. *, P < 0.008; **, P < 0.001, compared to confluent
unstimulated cells. AU, arbitrary units.
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Figure 7 Effect of tumour necrosis factor (TNF)-a and confluence on discontinuous adherens junctions, stress fibres and focal
adhesions. Confluent unstimulated human umbilical vein endothelial cells (HUVECs) (A), or HUVECs stimulated with 10 ng/ml TNF-a for 20 h (B)
in growth medium, were scratched with a plastic tip and after 5 h cells were fixed and stained for actin filament, paxillin and b-catenin. All
images are projections of z-stacks of confocal images. Left images show a general view of five confocal fields sequentially acquired and
superimposed from the scratch edge (top) into the confluent monolayer (bottom). Black lines on left indicate the edges of each confocal field.
Right panels show the boxed areas at higher magnification, either at the scratch edge (1 and 3) or within the confluent monolayer (2 and 4).
Arrowheads show stress fibre tips associated to paxillin clusters, empty arrowheads points to the tips of the same stress fibres associated to
discontinuous junctions on the other side.
Figure 8 Quantitation of the effect of tumour necrosis factor (TNF)-a and confluence on stress fibres and focal adhesions (FAs) during
the scratch asssay. Quantitation of actin filament levels (A) and FA-like paxillin clusters (B) from confocal images of cells at the scratch edge
(scratch) and cells in confluent areas (confluent) with and without TNF-a. AU, arbitrary units.
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(control (1)) or D-001810-01 (control (2)) non-targeting
siRNA were used as controls in different experiments.
Confocal and time-lapse microscopy
For confocal microscopy, cells were fixed with 4% paraf-
ormaldehyde for 20 min, or at -20°C in 100% methanol
for 5 min, for the detection of Talin. They were then
blocked with tris-buffered saline (25 mM Tris pH 7.4,
150 mM NaCl) for 10 min, permeabilized for 5 min
with phosphate buffered saline (PBS) containing 0.2%
Triton X-100 at 4°C, blocked with PBS containing 1%
bovine serum albumin and incubated at 37°C with
primary then fluorophore-conjugated secondary antibo-
dies or 1 μg/ml TRITC/FITC-labelled phalloidin. Speci-
mens were mounted in DAKO fluorescent mounting
medium (DAKO Corporation, CA, USA).
Confocal laser scanning microscopy was carried out with
an LSM 510 (Zeiss, Welwyn Garden City, UK) mounted
over an Axioplan microscope (Zeiss) using a ×40 1.3 NA
oil immersion objective. In order to obtain Z stacks, three
to six optical sections were taken over 4 μm. Intensity pro-
files were generated using the Zeiss LSM software.
Time-lapse microscopy was performed with a Nikon
TE2000-E Eclipse Inverted microscope, in an
Figure 9 ROCK inhibition induces loss of discontinuous adherens junction. Human umbilical vein endothelial cells were plated at
confluence for 48 h and stimulated, as indicated, with 10 ng/ml tumour necrosis factor (TNF)-a in growth medium or TNF-a with 5 μM Y-27632.
Cells were then fixed and stained for vascular endothelial (VE)-cadherin, a-catenin and actin filament. Bottom panels show the boxed areas
indicated in the merge images at higher magnification: (1) TNF-a, (2) TNF-a + Y-27632. (B) Quantitation of discontinuous junctions in TNF-a-
stimulated cells with or without 5 μM Y-27632, +/- standard error of mean of three different experiments. *, P < 0.016.
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environmental chamber at 37°C. 20 mM HEPES (pH
7.4) was added to the cells 2 h before the experiment.
Images were taken with a cooled CCD camera Hama-
matsu Orca-ER C4742-95. Camera and shutter (Lambda
Instruments, VA, USA) were controlled by Andor Q
software. Movies were processed with Metamorph
software.
Electron microscopy
TNF-a-stimulated or unstimulated HUVECs were fixed
for electron microscopy using 2% glutaraldehyde in 60
mM PIPES, 25 mM HEPES, pH 7.3, 3 mM MgCl2, 10
mM EGTA and 1% Triton TX-100, treated with 1%
osmium tetroxide and dehydrated through a graded
series of ethanol. The samples were then embedded in
TAAB resin by conventional procedures, and 70 nm
sections were cut using a Leica Ultracut E ultra micro-
tome (Leica, Vienna, Austria). Sections were mounted
onto 200 mesh copper grids and stained with lead
citrate, before viewed on a H7600N transmission elec-
tron microscope (Leica). Digital images were captured
using an AMT camera (Deben, Suffolk, UK).
Quantification of F-actin, FAs and discontinuous junctions
Confocal images from 8 to 30 cells per experiment from
at least three different experiments were contrasted and
analysed using LSM 510 software (Zeiss) in order to dis-
tinguish morphologically discontinuous junctions or
Figure 10 Vascular endothelial (VE)-cadherin and zonula occludens (ZO)-1 in junctional actin organization. Human umbilical vein endothelial
cells (HUVECs) were transfected with small interfering RNA (siRNA) oligonucleotides targeting VE-cadherin, ZO-1 or a non-specific oligonucleotide
control. After 24 h cells were trypsinized and plated at confluence and analysed 48 h later (72 h after transfection). Twenty hours before the analysis
cells were stimulated with tumour necrosis factor (TNF)-a in growth medium. (A) Cells were lysed and the effect of each siRNA on the levels of VE-
cadherin, ZO-1 and transferrin receptor (TfR) were analysed by western blotting. (B, C) siRNA-transfected HUVECs were stimulated with TNF-a, fixed
and stained for the indicated junctional proteins and actin filament (F-actin) (B) or F-actin and paxillin (C). (D) Quantitation of discontinuous junctions,
F-actin content and focal adhesions in siRNA-treated cells upon TNF-a stimulation. * P < 0.045; ** P < 0.065.
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FA-like paxillin staining at the basal planes. For F-actin
quantification, images from cells stained for TRITC-
labelled phalloidin were exported in formats compatible
with ImageJ software. ImageJ was used to obtain the
mean fluorescent intensities from different cellular
regions of confluent cells, subconfluent cells or cells at
the border of a wound induced in a confluent mono-
layer with a plastic tip 5 h before. Data were processed
and statistical significance determined using Student’s t-
test (Microsoft Excel).
Additional file 1: Movie 1. Human umbilical vein endothelial cells were
nucleofected with plasmids encoding p120-catenin-green fluorescent
protein and p120-catenin-red fluorescent protein (p120-dsRed) and
plated at confluence for 24 h in growth medium. Cell images were
acquired by fluorescence time-lapse microscopy, 1 frame/min. (See
Figure 1.)
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1741-7007-8-11-
S1.MOV ]
Abbreviations
AJ: adherens junctions; cAMP: cyclic adenosine monophosphate; DsRED: red
fluoroescent protein; FA: focal adhesion; F-actin: actin filament; GFP: green
fluorescent protein; HUVEC: human umbilical vein endothelial cells; PBS:
phosphate buffered saline; ROCK: rho kinase; siRNA: small interfering RNA; TJ:
tight junctions; TNF: tumour necrosis factor; VE: vascular endothelial; ZO1:
zonula occludens-1; FAK: focal adhesion kinase.
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